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INTRODUCTION 

Statement of Work -- 
This final report  descr ibes  the research  and experimentation conducted under 
Contract NAS 3-2775 dated May 21, 1963 of the National Aeronautics and Space 
Administration toward the development of high energy density p r imary  ba t te r ies .  

The objective of this r e s e a r c h  program was: 
density p r imary  bat ter ies  of 200 watt hours pe r  pound of total bat tery weight 
minimum. 'I 

' I . .  . development of high energy 

The scope of work expressed in the contract  consisted of two phases,  each 
divided into severa l  tasks .  

Phase I 

Task A - A selective study of the l i terature  to determine the r ea l  problems and 
the nature of electromotive systems which might be extended to achieve 
a qualitative gain in  battery performance. 

Task B - Study of electrolyte systems with emphasis on non-aqueous solvents 

Task C - Experimentation to determine suitable separator  ma te r i a l s .  

Phase 11 

Task A - Determination of compatibility of mater ia l s  of construction with 
electrochemical system( 8 )  emanating from work in  Phase  I. 

Task B - Assemble experimental cells  to demonstrate and evaluate available 
e lectr ical  energy. 
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BACKGROUND 

F r o m  1900 until the 1 9 4 0 ' ~ ~  flashlight and automobile bat ter ies  were  of a 
familiar type based on the achievements of Volta, Leclanche', and Plant&; 
but World W a r  I1 demanded improved performance. 
engineering of lighter, more  powerful bat ter ies .  

This need fostered the 

Until recently, nearly a l l  bat ter ies  were  based upon the same  solvent-water. 
This unusual and distinctive solvent has  the following properties:  

1. Stable 
2. Non-toxic 
3. Inexpensive 
4. F o r m s  conductive solutions 
5. Res is t s  decomposition fair ly  well 

However, a statist ical  examination of known aqueous battery performance 
given in  Figure 1-1 shows that a continuation of conventional electrochemical 
effort has  l e s s  than one chance in  a million of reaching 200 watt hours  per  
pound in a pr imary battery s t ructure .  

The ex t remes  of space environment, coupl.ed with the need for light-weight 
high energy batteries,  dernanc! revolutionary battery systems.  
point of view of achieving the highest energy per  unit weight, the active 
elements (lithium and fluorine) immediately appear mos t  de s i rable .  In 
order  to make such a system work, solvents must  be found that can r e s i s t  
the violence of these light elements. 

F r o m  the 

In the work described herein,  we have attempted to avoid being l imited by 
previous disciplines. 
and the a r e a s  studied have been broad, ranging f rom new concepts fo r  
aqueous batteries to surprising combinations of electrodes,  solvents, and 
atmospheres .  Most of these combinations proved undesirable, but a few 
may far surpass  expected aqueous performance. 

Our methods have branched f rom the conventional, 

Due to the great  difficulty of obtaining reproducibility in e lectrochemistry,  
accepted practice i s  to work slowly and carefully upon res t r ic ted  a r e a s  
until reproducibility and, hence, reliability a r e  obtained. This has ,  perhaps,  
led to a lack of general understanding and a welter of isolated fac ts  which 
lack overall  engineering utility. We have, therefore ,  formulated an  extensive 
approach, realizing that the reliability of any single measurement  may have 
been greatly affected by a n  obscure impurity o r  technique important in  that 
particular case.  This extensive approach has  resul ted in  a Large fund of 
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data f rom which we hope to draw sufficient general  understanding so as to 
focus our efforts i n  a more  conventional and accurate  fashion in  a r e a s  where 
the probability of success  is predictably high. A value of 125  watt hours  pe r  
pound is presented in  the data of Figure 11-1, page 11-3. We do not c la im 
that even this has  been reduced to predictable reproducibility, but ra ther  
that it was  observed; and so the thinking evolved was  practical  and should 
provide combinations suitable for  the assigned task.  

P r i o r  knowledge was used freely for the organization of the data and its 
prac t ica l  utility. If a combination of the first law of thermodynamics- 
Faraday ' s  law-and Ohm's law has  proved to be useful, it m a t t e r s  l i t t le 
if the combination is a l so  provocative. 

With these points as a guiding philosophy, the Livingston Electronic Corpora-  
tion approached the problem of developing a 200 watt hour per  pound bat tery 
f rom the direction of the solvent. 
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SUMMARY 

A detailed listing of 99 flat plate cell t e s t s  is given in the repor t  (Table 111-1, 
page 111-3). 

Cell No. 95, Li/LiClO* in  Butyrolactone/CuC12, gave an  energy density of 
about 125 (watt hours pe r  pound of total  battery weight) discharged to 80 p e r -  
cent of peak closed circuit vdts  ;is show-n in Figure 11-1, p g z  E = 3 .  

Similarly,  Cell No. 96, Li/LiC104 i n  Butyrolactone/CuF2, provided a n  energy 
density of 102 (watt hours per  pound of total battery weight). 

The program was initiated with a general  study of the various tasks ,  aug- 
mented by selected reference to  the l i t e r a t w e .  
tu re  were'confined to studies i n  the following a reas :  (1) non-aqueous ba t te r ies ,  
(2) separator  mater ia l s ,  ( 3  j special ce l l s ,  (4j mater ia l s  of construction, 
(5)  stai;is LiCdl, il,tjrii,udyiiaiiiic .. aiid eiiE;iieezing Gva~ii;ztiuns tu dctcri-,inc fzvor 

The re ferences  to the l i t e r a -  

able ai-eas for high cncrgy der,sity bat tery  y u ~ f ~ y ~ ~ ~ ~ ~ ~ ,  ( 6 )  nGn-ani ienix4 
---l--- -- 

electrolytic studies, and (7) non-aqueous theoretical  electrochemistry.  

This study led to the use of the f i r s t  law of thermodynamics in the comparison 
of bat tery systems.  An energy balance was derived permitt ing the calculation 
of a figure of mer i t ,  W, for battery electrolytes based upon physico-chemical 
proper t ies  which could be measured apar t  f rom battery construction. 
f igure of mer i t  was defined in watt hour per  pound units. 
takes  into account those factors  which may be directly attr ibuted to the electrolyte.  
Considering the phenomenal number of battery component combinations which 
a r e  possible, a method of eliminating la rge  numbers of tedious and costly 
experiments was desired.  
propert ies  of potential electrolytes into a figure of mer i t  anticipating bat tery 
performance was evolved by a reasonable investment of effort. 

This 
The overall  equation 

A method of interrelating the most  significant 

The mass measurement  of physico-chemical propert ies  of electrolytes required 
to implement the method of evaluation was initiated by manual methods and up- 
graded to machine production. 
hand and l a t e r  completed by automa!ic data processing (Table 11-3, page 11-7). 
Nine solvents with high f igures  of m e r i t  were  selected for m o r e  intensive conside- 
ration ( see  Tables 11-1 and 11-2). 

Computation of the data was initially done by 

It was decided to accelerate  the study of electrochemical systems revealed by 
the energy balance by means cf automatic cell discharge and cornplex recording 
equipment. This equipment was designed, constructed, and placed into opera-  
tion during the l a s t  quarter .  
report ,  and Figure 11-2 is  a n  examplt of a rcxcording of a non-aqueous cel l  

Details of its functions a r e  presented in  this 
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tested with this r e sea rch  recorder .  The advantage of this  technique l i e s  
in  the reliable sub-division of new and different cel ls  into component half 
ce l l s  along with a ra ther  complete presentation of such fac tors  as resis tance 
and polarization. 

Insertion of the physico-chemical values for water into the energy balance 
produced a n  unexpectedly high figure of -mer i t  due to the ionization constant 
of water.  Aqueous cel ls  constructed with alkaline anolytes and acid catho- 
lytes  (desalination ce l l s  in  r eve r se )  provided more  than four volts until the 
cathode membranes failed under acid oxidation Membranes have since been 

f 
B 
1 
8 

located which should be stable under acid oxidation to allow fur ther  explora- 
tion of this tephnique. I 
Since cathodes a r e  generally the limiting factor in the majority of ba t te r ies ,  
several  approaches were  examined in  an  effort to make available improved 
oxidants for  electrochemical use .  

a ' Pulse catalysis of ions such a s  C104-was not demonstrated,  but the data 
indicated probable kinetic benefits for reducing polarization. 
was also done towards the use  of sulfur and organic oxidants as cathode 
mater ia l s  in  liquid ammonia. 

Some work 

e 

I 
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TABLE 11-1 

SUMMARY OF HIGH ENERGY BINARY SYSTEMS 

In the following sys tems,  the figure of merit, "W, I '  was g rea t e r  than 500 
wat t  hours  p e r  pound of combined net electrode reactants .  

Acetonitrile 

LiCl - (CH3)dNCl 

Butvrolactone 

MF3 - Mz(so*)3 - NaI  - LiCl - MgSOr - LiC104 

Dimethyl Sulfoxide 

MC13 - Aiz(SO,)J - iiCi - L L ~ ~ L W W ~ Y ~  
-1. ---I. 

N-Methyl- 2-Pyr rolidone 

LiF 

N, N-Dimethylformamide 

AlF3 - AlC13 - L i F  - LiCl - K B r  - K I  - NaI - (CHs),NCl 

Propylene Carbonate 

Nc13 - LiF - LiCl - MgBr2 - AlF3 - (CHs)4NC1 

Pyridine 

Li C1 

NOTE: The following sys tem yielded a high value for W. 
data indicated therein is  questionable. 

Analysis of the 

N, N- Dimethylformamide 

No Solute 
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TABLE II-2 

SUMMARY OF HIGH ENERGY TERNARY SYSTEMS 

In the following sys tems,  the figure of mer i t ,  "W, 'I was g rea t e r  than 500 
watt hours  per pound of combined net electrode reactants .  

Acetonitrile /Ammonia 

LiCl - (CHr!4NC1 - KBr 

Butyrolactone/ Carbon Dioxide 

AlF3 - Mcls - A l t ( S 0 4 ) 3  - LiCl - KI - KSCN - NaI - (CH3)dNCl 

Dimethyl Sulfoxide/ Sulfur Dioxide 

AlCl3 - LiCl - NaI  - CCl3COONa 

Isoprapylamine/Sulfur Dioxide 

-w~13 - i i r"  - LiCi . . L.. 

N-Methyl- 2-Pyrrolidonel Carbon Dioxide 

AlCl3 - LiF - LiCl - KBr - KI - KSCN - (CH3)rNCl 

N, N- Dimethylformamide/Ammonia 

AlCls*- LiF - LiCl - KBr - KI  - NaI 

Propylene Carbonate/ Carbon Dioxide 

AlF3 - AlC13 - L i F  - KSCN - NaCl - MgBr, 

Propylene Carbonate/Sulfur Dioxide 

AlCl3 - LiCl - NaI 

Pyridine/  Ammonia 

LiF - LiCl 

NOTE: The following system yielded a high value for W. 
data indicated therein i s  questionable. 

Analysis of the 

Arnberlite LA- 1 /Ammonia 

Li C1 

*see Tablen 11-3 and 11-4, pages 11-7 and 11-8, 14102. 13. 

____ ~ ~~ 
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SAMPLE PAGE XI-? 

COMPUTER PRINT-OUT, TABLE II-3 

CODE N RI( RPK C 0 E Y 

13102.01 20 602 moa 1.67 005 ;me 73 
13102002 20 bo2 e 02 i b 4  105. 
13102r02 20 602 402 1.79 e 0 6  1.5 84 e 

13102003 20 e 0 2  6 02 1 a4 t 10. 
13102.03 20 e 0 2  . 02 1 e90 608 lo5 99. 
13302m04 20 e 1 0  a 1 0  1 e 4  83. 
13102.04 20 . . e 1 0  010 1.80 e 0 6  1.0 73 

13102e05 20 006 16 1.90 606 1.5 94 . 

I U 2 & 1  002 a 0 2  1 . 4 O Q -  

13102.05 26 e 0 6  e 1 6  i 05 101 . 
13102.06 20 e 0 8  414 4s 98 e 
13-06 20 e08 e 14 2.03 008 1.5 94r 
-- 131Q2r07 0 420 e 28 3.74 e36 __ 2 4 5  70 
13102.08 20 1631 ' 1033 1 e 3  39. 
13102.00 20 1 e 3 1  1 e 3 3  1 e 8 5  e 0 8  1 b o  59. 
13102.09 20  1.26 1 e 2 6  1.1 4s. 
13102.09 20 1.26 1 a 2 6  1.48 a 0 3  l e 0  73 
13102.10 20 14.63 15.77 60 e 
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1 COMPUTER PRINT-OUT LEGEND 

Code i s  a number which identifies the system in  question. The 
last two digits of this code represent ,  in  the o r d e r  of the i r  in-  
c r ease ,  the ligand pressure  applied to the sys tem.  Hence, .Ol 
represents  an  air atmosphere at 14 .7  pounds p e r  square inch 
absolute and the highest digits, the ligand at approximately 90 
percent  full p ressure .  

Code 

N N is a code which indicates the curvature  of the Tafel plot. 
N = 0 represents  a linear Tafel plot. 

P 
1 

RK RK is the electrolyte specific res i s tance  in  K ohms.  

RPK i s  the eiectroiyte specif ic  res is tance in K ohms unaer a 
dc voltage s t r e s s  of ten volts. 

RPK 

I 
I' 
t 

P P is the ligand p res su re  in pounds per  square inch absolute. 

C and D a r e  the modified Tafel constants represent ing the Tafel 
slope and intercept,  respectively. 

C and D 

E 

E (Also designated a s  X in the Computer P r o g r a m )  is the cel l  
potential at W, the maximum figure of m e r i t  in watt hours  per  
pound. The symbol E was used in the final repor t  in  o rde r  to  
employ conventional terminology. However, in For t r an  the 
same  symbol has  a control function meaning (exponentiation) 
and hence, X was used as the mathematical  argument .  

NOTE: 
due to adjustments made on the p r e s s u r e  t ransducer .  
of RK = 51.41 and 4990 represent  off-scale readings on the 
r eco rde r ;  hence, C, D, X, and W were  not calculated. X = ' I .  0'' 
and W = " . I '  indicated that the sys tem in  question will not yield 
ene r gy . 
NOTE: Dashed line through values of W indicates f igures  to be invalid. 

NOTE: A "P" of 358 means that the recorder  read  off-scale. 

NOTE: "X Limit Exceeded" indicates that the maximum value of the 
interfacial  voltage was over 6.  0 volts. 

P r e s s u r e  readings have been omitted in  cer ta in  a r e a s  
Values I 

I 
I 
8 
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ELECTROMOTIVE CELL TESTS 

I 
I 
I 
I 

, 
The overall purpose of this  program is to  develop batteries providing in- 
c reased  energy density. 
examination of published l i t e ra ture  and internal source  mater ia l  to provide 
a bas is  of attack. 
was accomplished. 
of laboratory test cel ls  began. 
of chronological order, as it represents  the physical product of the y e a r ' s  
work. 

Quite naturally, the work began with a cr i t ical  

Following this, much theoretical  testing and measurement  
After analysis of the ent i re  body of data, the construction 

The bat tery t e s t  data is presented f i r s t ,  out 

Cell No. 95, Li/LiCIOl in Butyrolactone/CuC12, gave an  energy density of 
about 125 [watt hours  p e r  pound of total bat tery weight] discharged to 80 p e r  
cent of peak closed c i rcu i t  volts as shown in F igure  11-1, page 11-3. 

Similarly,  Cell No. 96, Li/LiC104 in Butyrolactone/ CuFZ, provided an 
energy density of 102 [watt hours  per pound of total bat tery weight]. 

A summary  of electrochemical tes t  resu l t s  is given in  TableIII-1 and 111-2, 
pages 111-3 to 111-12. 

Table 111-1 shows the resu l t s  of discharge tes t s  with flat-plate cells l ist ing 
cathode material, construction, separator  material, number and weight 
of lithium anodes, solvent, solute, discharge data, and resu l t s  of cell 
inspection at the end of the test .  

LEGEND FOR TABLE 

Remarks: 

1 .  Ball milled active mater ia l  for  twenty-four (24) hours  
2. LiC104 added to  cathode mix ( 1  p a r t  pe r  12 p a r t s  cathode mater ia l )  
3. P a s t e d  electrode ( 2Oy0 HC1) 
4. Glass f iber  in  place of paper  pulp i n  cathode mix 
5. Toluene added to cathode mix  

Solvent Code: 

B L  - Butyrolactone 
AC - Acetone 
DMF - Dimethylformamide 
DMFA - Dimethylformamide treated with ammonia atmosphere 



Solute Code: 

a - Magnesium perchlorate  
b - Lithium perchlorate  

Separator Code: 

B P  - "Efficiency" blotting paper 
GM - Glass f i l ter  mat 
AE-30 - Whatman anion exchange membrane  
MR - Microporous rubber 

Anode Inspection Code: 

A. O.K. 
B. Moderately corroded, but appear functional 
C. Severely corroded 
D. Gelatinous corrosion product 
E. Coherent film corrosion product 
F. Powdery corrosion product 
G. 
H. Definitely anode fai lure  

Corrosion of anode via cathodic oxidant 

Cathode Inspection Code: 

A. O.K. 
B. Par t ia l ly  wet 
C. Surface copper (or  other)  
D. Weak construction 
E. Non-functional (broken lead, etc.  ) 

SeDaration InsDection Code: 

A. O.K. 
B. Gelatinous precipitate 
C. Treeing - short  c i rcui t  
D. Physicalfai lure .  but no shor t  c i rcu i t  
E. Treeing, but no shor t  c i rcui t  

Electrolyte Inspection Code: 

A. Excess and fluid 
B. Excess and gelled 
C. Al l  absorbed (no excess)  
D. Suspended mat te r  

PET- 2 
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During the course of the contract period, a total  of about 195 electromotive 
ce l l s  were built and tested. Of these,  about 135 were  discharged at var ious 
loads in o r d e r  to establish the ability of the electrode ma te r i a l s  to  quantita- 
tively undergo discharge reactions.  
for t e s t s  of an  exploratory nature,  designed to  indicate relative electrode 
potential and to demonstrate compatibility of the electrode mater ia l s  with 

The remaining ce l l s  were  constructed 

the electrolyte:  

The majori ty  of tests cel ls  in  which electrochemical efficiency was studied 
had (flat-plate) pr ismatic  construction. Except for a few t e s t s  with pasted 
Cu plates, the cathodes used i n  these cel ls  were  prepared  by mixing paper 
pulp and carbon with the active mater ia l s ,  and press ing  the mixture onto a n  
expanded metal  support in a s teel  mold a t  p r e s s u r e s  of 500 to 10, 000 pounds 
per  square inch. Lithium anodes were prepared by press ing  the metal  onto 
copper or nickel supports.  
used. 
capacity was  about 2 . 0  ampere-hours  per  plate, while that  of the cathodes 
var ied according to the weight of mix used in preparing the positive plates.  

Expanded magnesium sheet  anodes were  a l so  
The plates had geometric a reas  of 1. 5 x 1. 5 inches;  the anode 

In mos t  instances,  single-positive, double-negative ce l l s  were  tested,  with 
cathode mix weights of two to four grams;  this construction gave a l a rge  
theoretical  excess  of anode mater ia l  which, together with the Li  anode d i s -  
charge properties indicated by reference electrode measurements ,  allowed 
the ce l l s  to be considered ; I S  positive limiting for the piurpose of estimating 
the cathodic efficiency of the various oxidants tested.  

The plates  and the separa tors  (ten different separa tor  mater ia l s  were  used)  
were  assembled in  polyethylene envelopes, and the la t te r  were  heat-sealed 
to limit contact between the electrodes and the atmosphere.  
electrolyte was introduced with a hypodermic syringe, a moderate  compression 
was applied to the cel ls  in a tes t  stand to insure  good contact between the 
sepa ra to r s  and the plates.  
cur  ren t ;  occasionally, constant r e  si stance di sc  har  ge s we r e  a lso employed. 
Following the discharge,  the cel ls  were opened and the components were  
inspected. 

After the 

Discharges were generally performed a t  constant 

A number of cel ls  designed to study the efficiency of cathode mater ia l s  were  
built utilizing bobbin cathode construction. One par t  of the cathode mater ia l  
was blended with three  (3) pa r t s  of graphite, and two (2 )  g rams  of the mix 
poured around a $ I f  carbon rod to make electrodes 1" high and 0. 5" in d iam-  
e t e r .  Separator  paper was used a s  the outer support for the mix. The 
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employed; consequently, mos t  of the t e s t  cel ls  were  constructed with l i thium 
anodes . 

Of the cathode mater ia l s  which were  studied to date for  electrochemical 
efficiency, the fluorides of copper and nickel, and cepper chloride gave the 
mos t  favorable resul ts .  In t e r m s  of combined active mater ia l  weights, the 
Li-CuFz couple has  a capacity of 211 ampere  hours  p e r  pound or 740 watt 
hours  per  pound a t  3. 5 volts.  
200 watt hours per  pound an  over-all  efficiency of 27 per  cent would be 
required.  Based on the component weights of the three-plate  t e s t  ce l l s ,  a n  
electrochemical efficiency of about 70 pe r  cent for  the electrodes is indicated 
a t  this performance level (omitting polarization and self-discharge lo s ses ) .  
This calculation is given in  Table 111-3 on page III- 16 e 

In o rde r  to have a cell  capable of delivering 

It was recognized that cathode construction allowing constant performance 
and a high degree of utilization of the active mater ia l  was needed to achieve 
weight efficiencies of 200 watt hours p e r  pound o r  higher in the sys tems under 
consideration. In some cel ls ,  cathodic efficiencies in  the o r d e r  of 70 to 90  
p e r  cent were obtained a t  the 20 to 40 hour r a t e s  t o  0 final voltage; however, 
these results were not achieved consistently. 

The maximum watt hours  per  pound figure of 125 was  obtained (See Figure 11-1 
on page 11-3 ) in a Li-CuClZ cell  discharging at the 28-hour ra te ;  while 102 
watt  hours pe r  pound were obtained f r o m  a Li-CuF, cell, (Cell No. 96, Table 
111-1, page 111-9 ) to a n  end voltage of 80 pe r  cent peak closed circui t  voltage. 

cathodes were assembled with cylindrical Li anodes i n  g lass  vials  equipped 
with rubber stoppers.  
the ce l l s  were discharged a t  constant cur ren t .  

Electrolyte was added to cover the electrodes,  and 

1 
1 

Pilot  cells  of Tablea-Zused for  gaining an  ear ly  indication of cell  potentials 
i n  various systems were  built with two flat-plate e lectrodes.  A polarization 
scan  at various loads was obtained fo r  the cel ls ,  but efficiency f igures  were  
usually not obtained because of the type of cathode construction used (dense 
p re s sed  plates). 
values obtained f r o m  these tes t s  were  e r roneous  because the graphite which 
was  added to the cathode mix for  conductivity purposes  was found to have a 
potential 3. 5 volts positive with respec t  to the lithium anode in  some electrolyte 

It was a l so  recognized that some of the open circui t  potential 

I Two anode mater ia l s  (Li and Mg)s twenty-five cathode mater ia l s ,  eighteen 
electrolyte-solvent combinations, and ten separa tor  mater ia l s  were  invest1 - 
gated. 
charge potential which is positive to lithium by about two volts in the electrolyte 

It was established ear ly  in the tes t  p rogram that magnesium has  a d is -  
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Towards the end of the program, several  t e s t s  were performed in  o rde r  to 
find means of improving the carbon-paper pulp type of cathode construction. 
The ratio of the materials in the mix as well as the compressing force were 
varied;  also,  additions to the electrolyte and cathode mix to facilitate wetting 
were evaluated. LiC104 added to the cathode formulation gave improved 
efficiency, but was discontinued due to the hazard of blending dry LiClOI 
with carbon, Fur ther  tes t s  of this type a r e  required in  o r d e r  to evaluate 
the numerous variables which affect the performance of any par t icular  
system. 
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TABLE 111-3 

Sample Calculation - Three -Plate  Cell 

Anode: Li 
Cathode: CuF, 
Electrolyte: 12% LiC104 - BL 

Li =- 26'8 = 3.8 AH/g 
7 
26. 8 
50. 5 CuF2 =- = 0.52 AH/g 

Mater ia l  

Anodes (2)  

Li 
Support (Ni) 

Cathode (1) 

C U F ~  
Carbon 
Pape r  Pulp 
Support (Ni) 

Electrolyte (9cc) 

Separation 

Envelope 

Cell 

Weight, g r a m s  

1. 0 (3.8 AH) 
0.2 

7. 3 (3.8 AH) 
0.6 
0.6 
0.6 

10.0 

0.2 

0 . 5  

21. 0 = 0. 046 lb .  

200 x 0.046 =. 69  
3-8 x 3. 5 

200 X 0.046 
3. 8 x 3. 2 

Efficiency required a t  3, 5V: 

= . 76 Efficiency required at 3. 2V: 

Note: One method of specifying an appropriate cut off voltage which has  
been suggested is: "The cell  voltage which i s  required to  provide 200 watt 
hours  per  pound at 100% curren t  efficiency!' In this instance 2.4 volts would 
represent  th i s  cut off. 
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RESEARCH CELL AND SEPARATOR RESISTANCE MEASUREMENTS 

The study of electrochemical cells is  complicated by a general  lack of know- 
ledge concerning electrodes in  solvents other than water .  
a r e  available for measuring the proper t ies  of e lectrodes such a s  half ce l l s ,  
interrupted o r  chopped loads, anode controlled cells,  cathode controlled cel ls ,  
e tc .  Normally, the application of these techniques requi res  the fabrication, 
testing, and involved analysis of many special, carefully constructed cel ls .  
W e  have decided to attempt to accelerate the study of the electrochemical 
sys t ems  revealed by the energy balance equation by means  of automatic 
cell  diechaz'ge an4 complex recording equipment. This equipment was de-  
signed and constructed during the third quar te r .  
were  presented. Figure 11-2, page It-6 , is  a photograph of the recording 
of the performance of the f i r s t  non-aqueous cell  tested with this Research  
Cell Recorder .  

Numerous techniques 

Details of its functions 

The application of half-cell and reference electrode techniques in varying 
solvents and under various atmospheric conditions is subject to pract ical  and 
theoretical  difficulties. 
i s  the use  of two p a i r s  of electrodes within the same  envelope. 
was  designed and constructed to make extensive use of this  approach. 

One technique for  overcoming many of these problems 
Equipment 

The technique consis ts  of constant average dr iven discharge of the ce l l s  
under a cyclic loading program allowing frequent measurements  of open 
and closed c i rcu i t  voltages of the complete cel l  and its individual components 
a s  resolved by two reference or  auxiliary unloaded electrodes.  
ex t r a  e lectrodes permi t  division of the complete cell  into two half-cells and 
provide a n  index of their  mutual reliability by comparison of one to the other .  
Frequent  verification of references is  necessary  for  sealed ce l l s  and for  
ce l l s  of unusual solvents. In addition, the load cur ren t  may be chopped at 
a comparatively high frequency during the load-on half of the duty cycle to 
provide equally comprehensive ac measurements  for  cell component r e -  
s is tance evaluation. 
on a continuous basis ,  an automatic s t r ip  char t  recording sys tem is required.  

The two 

Since about 16 different measurements  a r e  required 

A schematic diagram of the approach which has  been formulated for this  
work i s  given in Figure JII-1, page E - 2 2  . The symbols E,, E3, e tc .  r e f e r  
to the various automatic recorder functions l is ted in Table III-4, page HI-23. 
A color-coded s t r ip  char t  recorder was  chosen as the basic instrument.  
The functions of this basic instrument a r e  determined in accordance with 
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an  external scanning system Qn a 52-point repetitive cycle to allow f o r  four 
color coding of the 26 data channels. 
cu r ren t  a r e  displayed start ing f rom the right-hand edge of the char t  extend- 
ing to the left-hand edge. 
center scale to accommodate polarity reverea l .  Since driven discharge 
is used, exhaustion of one electrode need not terminate measurement  of 
the remaining electrode and the advantages of half-cel l  techniques care 
retained. 
stepping switch circuit  used to  provide this scanning sequence. 

Alternating cur ren t  data and cel l  

Direct cur ren t  voltages a r e  displayed on a zero  

Figure m-2, page DI-24 , is the schematic diagram of the external  

Concerning the cell discharge load cur ren t  wave fo rm,  two frequencies 
a r e  of basic importance. F i r s t  i s  the basic  ontQff repetition ra te .  It i s  
planned to use  a value in  the o rde r  of twenty seconds, i. e .  , ten seconds 
on, 10 seconds off. Each of the four cell  terminal  Combinations will be 
scanned a t  the end of a load-on half-cycle and at  the end of a load-off 
half-cycle. The load pattern will, therefore ,  be orthogonal; and each 
reading will have a comparable his tory.  The average load cur ren t  over  
the ent i re  on-off cycle will be one half of the value for the fifty per  cent 
on-period. The load-on period will a l so  be interrupted, but a t  a higher 
repetition r a t e  to re ta in  polarization loss  during the shor t  but repetitive 
off-periods of the basic load-on period. 
of relatively short duration cqmpared tQ the load-on sub-period. 

- 

The load-off sub-periods will be 

The cur ren t  regulator system i s  of high impedance so as to hold the load 
curren t  pulses  relatively square and of a fixed peak and average value. 

1 
8 
I 
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RESEARCH CELL' RECORDER 

The preceeding reasoning was instrumented i n  the following manner .  
cell  with its re ference  electrodes i s  
"Cell Under Test" in Figure lU-2 

Decks 2 and 3 select  f r o m  cell  terminals  I'Al', l'a'l, I'CI', and "c" the 
signal source as tabulated in Table E-4 under the heading "Signal Source,  If  

A 
detailed in  Figure lI-1.Bis captioned 

on page m-24. 

Decks 4 and 5 select  the measuring circui t  supplying the r eco rde r  a signal 
within its coded range, but proportional to 'the desired measurement. This 
'is a r ranged  in  accordance with Table lit-4 under the column "Scale Type. I f  

The dc  sca les  a r e  zero center as  indicated by an  entry of $ under the 
"Scale Origin'' column. 
voltages read  upwards f rom the zero  center  and reference to working 
electrodes read  downwards for convenience i n  displaying the data .  ac 
sca les  a r e  non-polar and originate at the lower margin  as  indicated in  
F igure  1 - 2  , page 11-6. 

Polarit ies were  arranged so that cel l  output 

Decks 6 and 7 control the three color presentation of the recorded data to  
allow for  d i rec t  interpretation. 

Deck 1 of the stepping switch programs the load in  accordance with the 
column marked "load" in  Table E-4 , page lU-23 where 0 r ep resen t s  load- 
off and t represents load on. Figure IU-3 shows the constant average  
cu r ren t  regulator providing a chopped load. 

The schematic of the load control device (cur ren t  control chass i s )  is given 
in  F igure  IU-3 , page lTi-25 . The cu r ren t  delivered to the working electrodes 
of the t e s t  cel ls  is  fed to the stepper switch circui t  via te rmina ls  N o s .  6 and 
7 .  The high voltage present  in the cur ren t  control i s  l imited a t  this point to 
f six volts by the two 6-volt zener diodes. The two 6L6 vacuum tubes se rve  
as grid-control rec t i f ie rs  and the constant cur ren t  generators  simultaneously, 
The value of cur ren t  supplied i s  determined by the 10 kilohm potentiometer 
connected to the control gr ids  of the 6L6 ' s ,  and keying is  accomplished via 
te rmina ls  Nos .  5 and 26 leading to the stepper switch system. These 
te rmina ls  a r e  alternately shorted and off-circuited by switch deck No. 1 
of the stepper switch circuit .  
a r e  maintained by the three gaseous regulator tubes OA3, OD3, and OD3. 
Equality of wave f o r m  is adjusted by means  of the 100 ohm potentiometer 
connected between the two cathodes, 

Consistency of the var ious wave f o r m  values 

The 60-cycle sine input of the power 
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line is transformed to 270 volts rectified and, in  effect, clipped to produce 
EL s e r i e s  of nearly square pulses in te rspersed  by short  off-periods,  
to be noted that this output is not f i l tered within the circuit .  Such fi l tering 
action as the cell provides se rves  as a measure  of the internal ohmic 
resis tance of the cell .  
i s  calibrated SO as to provide an equal response ac and d c  when measuring 
a fixed resistance.  

It is  

The ac  measuring circui t  of the VTVM in Figure 111-2 

HALF CELL TESTS 

Figure 11-2 on page H-6 is a photograph of a recording of the first non- 
aqueous cell  tested with this particular instrumentation, 

I Recorder Channel No. 2 displays the open circui t  voltage of the working 
electrode8 a t  the end of the load-off half cycle,  

Recorder Channel No. 1 similari ly displays the working electrode closed 
circui t  voltage. 
between the open circuit  and closed circui t  conditions is relatively small; 
and at the left-hand side, jus t  pr ior  to decay of the open circui t  cell  voltage, 
a subetantial separation occurred,  

Note that at the right-hand edge of the data the separation , 
I 
l 

Recorder Channel No. 10 displays the anode open circui t  voltage (anode to 

circuit  voltage. 
I anode reference voltage) and explains the sharp  decline of the cel l  open 

Recorder Channel No. 9 of Figure 11-2, page 11-6, shows the closed circui t  
potential of the anode and indicates that the,majori ty  of the decline of cell  
voltage under load is due to lo s ses  associated with the anode. 

Recorder Channels Nos. 5 and 6 confirm that the cathode res i s tance  and 
polarization were negligible throughout the discharge of this cell.  

Recorder Channel No. 17 se rves  to monitor the potential of the reference 
electrodes by comparing one to the other with the cel l  on open circui t .  
Channel No. 16 measures  the potential of the reference electrodes when 
the working electrodes a r e  drawing current .  The cell  cur ren t  produces 
IR drops.  
sensitive to the electrolyte portion of the IR drop; and the difference between 
Channels Nos. 16 and 17 will represent  th i s  decrease  in  the operatipg cell  
voltage. 

In  the usual configuration, the reference electrodes will be 
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The a c  sca les  of Figure 11-2, Page 11-6, a r e  expanded by a factor of th ree  
over  the de  values in o rde r  to make them clear ly  legible. 
the ac sca les ,  being non-polar, may extend over  the full char t  width, that 
is, height on Figure 11-2. Recorder Channel No. 3 m e a s u r e s  the ac  voltage 
developed between the working anode and cathode. Knowing the cu r ren t  
(Recorder  Channel No.  14), this may a l so  be converted to an equivalent 
res is tance figure.  

In  additiona, 

The cathode a c  voltage is displayed by Recorder  Channel No. 7,  and, as 
might be expected f rom Channels Nos. 5 and 6,  is negligible. 

Recorder  Channel No. 11 displays the anode a c  voltage, this shows the 
majori ty  res is tance lo s s  in  this cell is located a t  the anode. 

Recorder  Channel No. 18 displays a n  a c  Haring voltage developed between 
the reference electrodes and should be comparable to the separation between 
Channels Nos. 16 and 1 7  with the physical relationships of e lectrodes indicated 
by the cell  in the stepper switch circui t  diagram (Figure 111-2, page 111-24) 
where the reference electrodes a r e  located outside the working electrodes.  

This convenient and d i rec t  display of the cell  data in  the machine-printed f o r m  
facil i tates rapid p rogres s  in the testing and evaluation of new and unusual cell  
compositions. 

The t e s t  data obtained during this contract  period showed that the capacity of 
the cells is limited by cathode polarization and an increase i n  the electrolyte 
res is tance.  
in  F igure  11-2, page 11-6. In this case ,  the lithium anode had become strongly 
plated with copper causing negative capacity limitation. 

The only exception to this  pat tern was found in  the ce l l  shown 
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TABLE Ill-4 

RESEARCH CELL RECORDER FUNCTIONS 

0 .  0 
1 t 
2 0 
3 t 
4 0 
5 t 
6 0 
7 t 
a 0 
9 t 

10 0 
a i  t 
12 . 0 

1 + 
2 0 
3 t 

13 0 
14 t 
15 0 
16 t 
17 0 
18 t 
19 0 
14 t 
20 0 
21 t 
0 0 

0 
0 
1 
2 
1 
2 

- 
- 
0 
0 

. - 
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0 
0 
1 
2 
1 
2 

- 
- 

1 
2 
1 
2 

- 
- 
0 
0 
0 
1 
2 
1 
2 
1 
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- 
- 
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R 
R 
R 
R 
G 
G 
G 
G 
P 
P 
P 
P 
G 
G 
G 
G 
G 
R 
R 
R 
R 
R 
P 
P 
P 
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d. c .  
d. c .  
a. c.  

d. c. 
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a. c. 
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d. c .  
a. c .  

d .  c .  

d.  c .  
d .  c .  
a. c .  

d .  c. 

- - - -  
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- - - -  
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(a) R = red, G = green, P = purple 

Signal 
Source 

Open Circuit  
Cell 
Cell 
Cell 
Short 
Cathode 
Cathode 
Cathode 
Short 
Anode 
Anode 
Anode 
Shar t 
Cell 
Cell 
Cell 
Short 
Cur rent  
Reserved 
Reference Electrode 
Reference Electrode 
Reference Electrode 
Short 
Current  
Reserved 
Reserved 
Open Circuit  



4 
f 
Y 

p'y 0 0 7 p 0 0  
0 0  

L 

0- 

1U-24 

* 
0 
0 
IC .. 



I - - - - - -  

I - -  - -  
I I 

I 

1 

0 4 I 

I 1  
I 

1L 
L 
0 

I 

I 
I 

I 

I 

I 
1 %  
2 

' 3  

v) 

I$ 
3 
u) 

'LY 

Y 'P 
I '  
I 
I 

-I 
0 
t- z 
0 
0 

t- 
2 
W 

a 

a a 
3 
0 

a 



111-26 

PULSE CATALYSIS 

The cathode of a battery i s ,  in  general ,  the limiting electrode.  Many suit-  
able active anodes a r e  available. Strong oxidants, on the other  hand, a r e  
noticeably absent o r  ineffective for  one reason o r  other .  
examples,  the element oxygen is receiving considerable attention via the 
aqueous fuel cel l .  
and slowly to the peroxide rather  than the oxide or  hydroxide leads  to 
questioning the availability of the oxygen electrode in i t s  present  state.  
Adding to this,  the difficulties of storing oxygen in its elemental  fo rm makes  
oxygen even l e s s  likely a s  a generic cathode mater ia l  in p r imary  ba t te r ies .  
Sulfur, while a n  economical solid, has  a low potential and a poly-ion chemis t ry  
even m o r e  difficult to harness  than oxygen. Fluorine and chlorine,  i n  the 
elemental  form,  present formidable engineering penalties F o r  this 
reason,  it was decided to consider several  unusual approaches toward the 
role  of the cathode in  high energy density ba t te r ies .  
an  electronic attempt to utilize the perchlorate  and nitrate ions a s  a s to re -  
house of oxidizing power. The perchlorate ion i s  well-known for i t s  
storagability and effectiveness a s  an  oxidizing agent in f i reworks 
ni t ra te  ion is ,  perhaps, the workhorse oxidizing agent of the chemical 
industry.  
the activation energies associated with unlocking the oxidizing power of the 
poly-anions is  normally not available However the intr insic  impedence of 
the electronic devices i s  sufficiently grea te r  than the electr ical  impedance 
of chemical reactions so that simple circui t ry  is  capable of delivering what 
might amount to smashing blows. a t  least  for short  periods of t ime ,  
example,  an efficient l i thium/fluorine battery might be expected to have 
an  open circui t  potential of six volts.  
efficiently provide pulses ranging f rom this level of six volts up to hundreds 
of volts, i t  is  reasonable to associate  solid s ta te  c i rcui t ry  direct ly  with a 
bat tery for the sake of improved performance of the overall  package. 

To cite a few 

The predisposition of this element to reac t  ineffkctively 

One of these constitutes 

The 

In bat ter ies  where chemical violence must  be carefully res t ra ined ,  

F o r  

Since electronic c i rcu i t ry  can 

The purpose of the following se r i e s  of experiments was to attempt to exploit 
the electrochemical oxidation of polyoxygen anions Soluble sa l t s  of anions 
typified by [C104]- o r  [N03]- might be expected to f rac ture  when subjected 
to positive voltage pulses a t  an iner t  e lectrode,  One possibility i s  that 
three o r  four nascent oxygens would pers i s t  momentarily,  bound to the 
surface of the pulsed electrode. 

If this electrode were then switched into a r e se rve  c i rcu i t  where  it  became 
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the cathode with respect  to an active anode, the energy re turn  could be 
g rea t e r  than that expended to overcome the activation of the complex ion. 
In o r d e r  to achieve this  process ,  two conditions must  be met ,  namely, 
the anion must  preferentially decompose before the solvent and the new 
species  created a t  the pulse electrode mus t  be utilized before they a r e  
los t  o r  decay. 
pulsed electrode would resul t  i n  a substantial increase  in  the voltage - between 
the pulsed electrode and the active anode. 
of this  section, the majority of the pulse charge was  recovered f rom the 
pulsed electrode double layer  above the background potential of the ce l l .  

It was anticipated that the creation of a new species  a t  the 

In the sys tems l is ted in Table III-5 

The des i red  effect (an increase  in  cell voltage above normal  open circui t  
values) was not observed in any of the aqueous sys tems l is ted in  Table 111-5 
Therefore ,  in the work which may be reported to date,  no evidence of 
decomposition of poly-anions is available. 

However, in  the case  of the cell "A" of Table 111-5 , an interesting 
phenomenon was observed which may be of equal importance to the original 
hypothesis. It was noted, following the decay of the input pulse,  that the 
evolution of hydrogen f r o m  the platinum electrode was greatly enhanced. 
When the discharge of this cell  was compared to the magnitude of the 
pulse,  charge gains approaching a hundred-fold were  observed. Figure 111-4 
of this  section is a schematic of the cell  and circui t ry  employed. "A" 
i s  a n  active anode, llBll i s  the pulsed electrode, and "C" is  an auxiliary 
cathode. 

At switch position 1,  the capacitor i s  being charged and the active anode i s  
under 100 ohms load with respect to the MnOz cathode to prevent film 
formation on the anode. 
under 57 ohms load, r e fe r r ed  to a s  Condition I, o r  on open circui t ,  
r e f e r r ed  to a s  Condition 11. 

The active anode and pulse electrode a r e  e i ther  

et switch position 2, the capacitor is discharged through the cel l  (positive 
to pulse electrode, negative to the auxiliary cathode). 

At switch position 3, the pulse electrode becomes 'the cathode with respec t  
to the active anode and is discharged through an ammeter  of 1 ohm r e -  
s i  stance . 

Coulombs input were  calculated f rom the formula Q = cv, where Q = 
coulombs; c = capacitance; and v = voltage. 
mined by visual ammeter  readings taken a t  five second intervals  for  25 
seconds.  
integration of the a r e a  under the curve.  

Coulombic output was de t e r -  

These values were  then plotted and Q output determined by 
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TABLE JII-5 

PULSE CATALYSIS CELLS INVESTIGATED 

A. Mg/25 weight 70 Mg(C104)z; 0.1% KzCr04; Mg(OH), sat. ; aqueous/Pt  

B. Mg/25 weight % KN03; aqueous/Pt  

C. M g / 2 5  weight % KN03; 10% KCL; aqueous /Pt  

D. L i / l 2  weight 7'0 LiC104; butyrolactone/Pt 

E. (Control) Mg/NaCl; aqueous/Pt 

TABLE III-6 

NET KINETIC CHARGE GAIN RESULTING FROM PULSE CATALYSIS 
IN THE AQUEOUS CELL 

Mg/25 weight 70 Mg(C104)2; 0.1% KzCr04; Mg(OH), sat. ; aqueous/Pt  (t pulsed) 

Net Q-Out/Q-In Under Condition I1 
Capacitor Charge Voltage 

cm2 Ele c t ronic P fd 
Pu l  s e P f d Per  

Electrode Ca pa c ity cmz 20 40 60 95 

2.6 50 19 48 26 71 63 

2.6 130 50 9 7  77  36 26 

0. 56 130 2 32 8 2  57 34 - -  
- -  2.6 6 50 2 52 22 9 6 
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In each sys tem investigated, the active couple (anode/pulse cathode) ex- 
hibited a steady state cur ren t  output pr ior  to pulsing which appeared to 
be dependent upon the inter-electrode distance and the a r e a  of the pulse 
cathode. This current was established by ammete r  readings taken with 
the power source turned off. 
was then established which was higher than normal cell output of 66 ma. 
Thus, all current gains shown a r e  solely due to pulsing. 

An a rb i t r a ry  base cur ren t  levels 80 m a ,  

Figure 111-5 i s  a plot showing the performance of Cell A of Table 111-5 
immediately following the application of a pulse. 
curve representing Condition 2 is substantially g rea t e r  than i f  the pulse 
had not been applied. A conservative figure of m e r i t  for  the kinetic 
improvemeat in  charge ( ampereseconds )  obtained f rom the cel l  was 
found to be 7 7 .  
the charge voltage of the capacitor were  varied and the kinetic figure 
of m e r i t  net Q-out la - in  was tabulated in Table 111-6 
that the l a rges t  advantages were observed with relatively low electronic 
voltage and capacity slightly l a rge r  than the theoretical  f igures  for  
electrode double l aye r s .  
improve or  regulate an  operating bat tery sys tem,  the feed-back energy 
required should be reasonable. 

The area under the 

The capacit ies per  unit a r e a  of the pulse electrode and 

It i s  significant 

Thus, i f  this technology could be utilized to 

The l a s t  cell  of Table ILI-5 r a i s e s  a n  interesting point. 
resulted f rom pulse catalysis with the aqueous sodium chloride electrolyte.  
It is implied that the adsorption of ni t ra te  and/or  perchlorate  ions plays 
a substantial role i n  this kinetic improvement. 

No kinetic effect  

Figure 111-5 s h o w s  cyclic operation of Cell A of Table I l I -5  . Improvement 
in  kinetics resulting f rom pulse catalysis I S  graphically i l lustrated by the 
a r e a  of the pulse equivalent appended to the figure.  

Alternating current i s  known to reduce polarizatlon in  plating operations. t he re -  
fore,it i s  logical to assume f rom the data above that other .  m o r e  practical  
cathodes may be improbed by reactive loading. 
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ELECTROMOTIVE CELL TESTS 
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IN PRACTICAL HARDWARE 

It was fe l t  desirable to conduct some of the cell  testing i n  pract ical  bat tery 
hardware.  
f r o m  a pilot production program so a s  to have finalized construction and 
pract ical  performance s tandards.  

A number of integral  activator -battery cases  were  obtained 

The Mg/mDNB couple in  liquid ammonia has  a theoretical  energy cap-  
ability of 800 watt hours  pe r  pound of electrode reactants  based on eight 
faradays per  mol of mDNB and two faradays pe r  mol  of magnesium. In 
view of this, several  t e s t s  designed to evaluate the possibility of utilizing 
the Mg/mDNB couple for  construction of high energy ba t te r ies  were  p e r -  
formed. 
the Mg/S couple in liquid ammonia for  construction of high energy ba t te r ies  
were  conducted. 

In addition, tests designed to study the potential usefulness of 

The resu l t s  of the above-mentioned t e s t s  showed that the cathode reactions 
of these couples proceed with a relatively low electrochemical efficiency 
(10 to 30 per  cent);in the comparatively shor t  discharge t imes  permit ted 
by present  ammonia bat tery s t ruc tures .  
mix composition did not significantly improve the performance of these 
cells.  

Minor modifications to the cathode 

Hence, it appears,  f rom a comparatively small number of tes t s ,  that  a 
qualitative improvement will be necessary  in o rde r  to utilize mDNB o r  
sulfur a s  high energy density cathodes in  liquid ammonia.  
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TIBILI TY EVALUATION 

In o rde r  to select suitable mate r i a l s  for  u se  in cell  construction, the chemical 
stability and corrosion resis tance of ion exchange membranes ,  separa tor  
mater ia l s ,  and mater ia l s  of construction (alloys, meta ls ,  polymers ,  r e s ins ,  
paper ,  and f ibers)  were  determined i n  non-aqueous solvents and in  selected 

environment represents  the media in  which these mater ia l s  m u s t  exis t  during 
operation and storage. 
chemical stability with time may be attributed to the synergis t ic  action of the 
ligand (SOz, "3, GO,, etc. ) and the ions result ing from the dissociation of 
the sal t .  

environrr,ents which were ro l l l posed  Qf solvellrj salt; and liga-nd. The selected. 

The severi ty  of cor ros ion  effects and decrease  i n  

The performance of the specimens was determined by periodic inspection. 
Evaluation of the alloys and metals  was based on the pitting, blistering, 
cracking, discoloration, crazing, and other changes in appearance that resul ted 
f rom cor ros ion  of the specimens.  
membranes  and separa tor  ma te r i a l s  were based on change in appearance, 
dulling, swelling, discoloration, dissolution, and degrees  of deterioration. 
The appearance of an ion exchange membrane does not necessar i ly  indicate 
whether o r  not an adverse chemical effect on the r e s in  has  taken place; so  
the efficiency of an exchanger m u s t  be determined by performance tes t s  in 
cel ls .  

Objective evaluations of the ion exchange 

The resu l t s  of the tes t s  in  pure solvents, without sa l t s  o r  ligands, a r e  reported 
i n  Tables  1 and 2 of this section. 
to rs ,  and Mater ia ls  of Construction may be found a t  the end of this section. 

The Identification of Ion-Exchangers, Separa- 

In mos t  cases, the mate r i a l s  were placed in a test tube, the solvent added, and 
the tube stoppered with g lass  wool and s e t  as ide f o r  a sufficient period of t ime 
to yield the des i red  information. F o r  volatile solvents, aluminum foil vapor 
b a r r i e r s  were  placed over the mouths of the tubes. 

FigoVI-I of this section shows the equipment used for  mater ia l s  compatibility 
evaluations with fixed solvents. 
ammonia,  which boil substantially below room tempera ture  indicates that 
low tempera ture  tes t s  a r e  inadequate. Many mater ia l s  appear stable at low 
tempera ture  and, subsequently, fail at room tempera ture  where i t  is neces-  
s a r y  to apply p r e s s u r e  to re ta in  the liquid solvent, but yet provide for  periodic 
examination. 
for  ammonia exposures.  Essentially,  the method consists of storing the mate-  
r i a l s  fo r  t e s t  inside the t e s t  tubes charged with the liquid solvent a t  low temp- 
e ra tu re .  

The work with solvents, such a s  liquid 

Techniques have been evolved for this work, and data a r e  included 

These tubes a r e  sealed in stainless steel  quick-coupler chambers  
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(F igure  ZV-2), pressurized to immobilize the solvent, and allowed to stand a t  
room temperature.  
p r e s s u r e .  Re-exposure is  then pract ical .  

Examination is effected by refr igerat ion and venting of 

At the end of the tes t  period, the ion exchange and separa tor  materials were  
examined while in  the solvents and after having been removed therefrom and 
dried.  

A study of the test resu l t s  m ThHe IV- 1 indicates that the compatibility of the 
materials with p-fluorotoluene, F reon  114, aromatics ,  and a silicone oil was 
good to  excellent. Most of the sepa ra to r s  appeared compatible with ammonia 
except two ion exchange membranes .  Cyclohexanone, propylene carbonate, and 
pyridine were  hard on ion exchange mater ia l s ;  but SA 6404, a strong acid mem- 
brane, appeared to hold up in  all solvents to  which it was exposed. 
polyalkane, and epoxy f iber  papers  gave generally good performance.  Butylamine, 
nitrome thane, cyclohexanone, butyr olactone , and n-methyl-pyr rolidone were  
increasingly severe.  

Cellulosic, 

With referenceto Table IV-2, the ma te r i a l s  which did not fail in  any of the solvents 
in  which they were tes ted a r e  as follows: the Gelman ion-exchange membranes  
SB 6407, WA 6402, WA 6406; Whatman #42 f i l ter  paper;  polypropylene (EM 476); 
R-2205 (*cellulose); polyethylene; Epocel 10; I P C  1478; the Whatman ion-exchange 
membrane  DE 20; and M 1406 (Nylon). 

Those which failed in  one solvent only a r e  as follows: 
W B  6403 and SA6404; M 1216 (viscose) ;  M 1231 (viscose) ;  EM 478 (viscose) ;  
the Whatman ion-exchangers ET 20, AE 30, P 20, and CM 50; and the dyne1 
fabr ics  EM 470, M 1410, and M 1450. 

Gelman ion-exchangers 

The solvents which did not exhibit destructive action on any of the ma te r i a l s  
tes ted are as follows: F reon  11, F reon  113, tr iallylamine, and petroleum ether .  

In liquid ammonia, all of the Dyne1 fabr ics  shrank f rom 1/2j1 x 1-1/8" to 
1/8"  x 3 /8" .  
However, the ion-exchange ma te r i a l  in  WB 6403 was par t ia l ly  removed f rom 
the Nylon; and Ultipor 9 seemed to have suffered some decomposition. 

Viscose and Whatman f i l ter  paper  (cellulose) were  unaffected. 

# # #  

Considerable work has  been done to  determine the compatibility of ion-exchange 
membranes ,  separators ,  and materials of construction with solvent-atmosphere, 
and solvent-solute-atmosphere combinations. It is interest ing to  note that while 
many ma te r i a l s  are compatible with many pure  solvents,  the addition of the 
atmosphere,  and par t icular ly  the solute, makes  many materials unsatisfactory.  
The conditions generated within the p r e s s u r e  chambers  for  the automatic 



IV-3 

recording of electrolyte specific resistance and Tafel data combine the fac tors  
which m a y  decompose o r  corrode mater ia ls  of construction; thus, the p r e s s u r e  
charnbere w e ueed to conveniently include samples for exposure. In order 
to accomplish this,  the polypropylene cell  holders  were  employed as containers 
for  mater ia ls- tes t ing by charging them with various solvent/ solute combinations, 
a f te r  which samples  of numerous mater ia l s  of construction, ion exchange m e m -  
branes,  and sepa ra to r s  were  placed in  the cells.  
piaced in  iiie siaiiiless steel chaiiibers, and gas pressure W ~ S  applied and main- 
tained for  the duration of the tes t s .  
p r e s s u r e  w a s  released, and the samples were  removed f rom the cel ls  and exarn- 

The charged cel ls  were  then 

At the conclusion of the t e s t  period, the 

a1 changes caused by the exposures.  

T&le IV-3 shows the combined effects of exposures to solutions of various sa l t s  
in propylene carbonate in the presence of SO, a t  approximately 32 pounds per  
square inch gauge. Also ,  it was noted that the polypropylene ce l l s  swelled and 
became discolored; however, when they were cleaned and dr ied  in  a vacuum oven 
after use ,  both of these effects disappeared. 

The s a m e  procedure was employed to investigate the effects of many other 
solvent- solute-ligand combinations on a la rge  number of ma te r i a l s .  
summary  of the resu l t s  is  presented in B l e s  1V -4 and I V -  5 of this section. 

A 

In Table 1V-4  the following mater ia ls  were  v is i~a l ly  sat isfactory in all of the 
teats  to  which they were  subjected: Whatman :on-exchange me=-brazes DE-20 
and F-20 jelectrochernical effects ui ik~i~wis) ;  ',lrhatinar~ XG. 42 f i l t e r  -ann-' r rL&, 
M-1365 (cotton with. Chandler binder); M-1406 (Nylon with Dynel binder);  
R- 2 2 W@eIlulo 6 e) ;  polypropylene (EM - 47 6 ,  she e ts and test cell&); polyethylene; 
Aclar 33C (fluorohalocarbon resin) ;  s ter l ing s i lver ;  Teflon insulation.; aluminum 
alloy (No. 3003 - H114); magnesium alloy (No.  AZ31BO): and silicone rubber.  

Those ma te r i a l s  which were  found to be visually satisfactory i n  a l l  but one o r  
two sys t ems  a r e  as follows: 
AE-30, and CM-50 (with the possible exception of some chemical alteration 
of the res ins) ;  Viscose (M-1216 and M-1231) ;  Devcon epoxy adhesive; Nylon; 
s i lver  plating; and s ta inless  s teel  (type 302) .  

Whatman ion-exchange membranes  ET-20,  

The following mater ia l s  were  unsatisfactory i n  many cases:  
exchange membranes ;  EM-47'0 (Dynel); Nalco D- 30 (vinyl), A-12 epoxy resin;  
t in  plating; vinyl insulation; and copper. 

the fonac ion - 

The polypropylene cel ls  have withstood all t es t s  very well except for  a yellow 
discoloration which developed in  the liquid anion exchanger-ammonia and 
benzene - sulfur dioxide s ys tems. 



JV-4 

The ni t r i le  rubber "0" rings (No. 488-70) that a r e  used to sea l  the s teel  
p r e s s u r e  chambers a r e  sat isfactory for  use with ammonia and some other  
gases ,  but they were attacked by sulfur dioxide. 
mended butyl rubber (No. 805-70) for  use with the la t te r  gas. 

The manufacturer recom-  

Numerous mater ia ls  were tes ted in  dimethyl sulfoxide solutions of SnClz and 
(CH3)*NI under an  SO, atmosphere.  The resu l t s  a r e  shown in Table IV-5, 

Teflon, Flexite, polypropylene, and silicone rubber (RTV-11) withstood the 
exposures very  well except for  some discoloration of the polypropylene. 

The system with SnClz corroded Al and Mg severely and dissolved s i lver  plated 
copper wire.  The effects on s ta inless  s tee l  and sterl ing s i lver  were  relatively 
minor. 
coloration of the la t ter .  
the papers  ET-20 and P-29 were  weakened; and XLMC-3235 was discolored. 

Polyethylene and Nylon were  unaffected except for  a light yellow d is -  
The res in  was removed f rom Membrane SA-6404; 

The system with (CH3)4NI had l i t t le effect on Al, Mg, Cu, and polypropylene. 
However, it dissolved stainless steel ,  sterl ing s i lver ,  and s i lver  plate; caused 
polyethylene to curl and harden; and produced swelling, softening and discolora- 
tion of Nylon. 
dissolved Membranes SA-6404, ET-20, and P-20. 

It removed the res in  f rom the Membrane XLMC 3235 and apparently 

Secondary Observations 

Secondary results f rom the conductivity tes t s  show that in  cell  t es t s  involving 
NH3 at  p r e s s u r e s  f rom zero  to one hundred and twenty pounds pe r  square inch, 
the tin-plated copper wire  would eventually corrode to such a g rea t  extent as 
to become powdered. The same was t rue  for  the solder  connections which 
a r e  sixty per  cent tin, forty per  cent lead. Apparently, ammonia will attack 
both tin and copper, and to such a degree as to powder both wires  and solder  
containing these elements. The platinum wire  was not affected. 

As for  the tin-plated copper wire ,  it was attacked by sulfur dioxide as i t  was 
by ammonia with much the same  effects. Tin/lead solder was  not employed, 
but instead, nickel-plated copper clips were  used. 
nickel plating was completely gone, and the attack on the copper had already 
s tar ted.  

After one t e s t  run, the 

The platinum and the s i lver  wi res  apparently were  unaffected. 

The Nylon and Teflon conductivity cells have apparently withstood the combined 
effects of various solvents, solutes, and three types of a tmospheres  (air, S o t ,  
and NHS) without general damage. B 

I 
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Separator  Marerial s Tes t s  i n  C e l l s  
_LP_ ----- 

Ten separator materials were tested for  their suitability in  Li /butyrolactone: 
Li  C104 / CuClz fl a t  ~ pl at e c ell  s : 

SA-6404 o n  Nylon 
AE-30 anion exchanger 
Whatman N o .  541 f i l ter  paper 
Whatman G F - A  g lass  f iber  f i l ter  sheet 
Schlcicher and Schuell glass  fiber filter sheet No. 24 
SM- 91 polypropylene 

uus rubber, ACE -SIL 
Efficiency blot ters  

Polypropylene screen  
Kodak 3 5  mm mounting f r a m e  (cardboard)  

Experimental  cel ls  with each of the above mater ia l s  were constructed and 
tes ted for discharge character is t ics ,  but the tes t  data were  e r r a t i c l  probably 
due to unrelated construction difficulties. 
cel ls ,  several  mater ia l s  showed good strength and chemical iner tness ;  of 
theseS No. 1698 Efficiency blotting paper was used in a l a rge  number of 
subsequent cell tests because of i t s  ready availability. 

Upon inspection of the discharged 

With the general  improvement in cell performance and reproducibility of 
results brought about by modifications in  cell construction, fur ther  separa tor  
studies appear  to be in  o rde r ,  



IV-6 
FIGURE I V - 1  

MATERIALS COMPATIBILITY TEST EQUIPMENT 
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FIGURE I V - 2  

STAINLESS STEEL CHAMBER FOR MATERIALS COMPATIBILITY T E S T S  
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TABLE IV-1 

COMPATIBILITY OF ION EXCHANGE MEMBRANES 
AND SEPARATOR MATERIALS IN SOLVENTS 

Column No. 
(see  Code & 1 2 3 4 5 6 7 8 9 10 1 1  12 13  14 15  16 
Comments) 

a, 
F: 
0 
U s 

2 

4 
0 
k 
h 
c1 

Days Under 
, Test  

SB 6407 
I W A  6402 
I 
I WB 6 4 0 3  

SA 6404 
WA 6406 ' MC 3142 
MA 3148 
XLMC 3235 
XLMA 3236 
Whatman 4 2  

, Whatman 50 

I 

I 

ul Textryl-  C 
IJ Textryl-F 

GM 1401 
B M  1410 
S M  1450 

M 1406 
EM 312 
M 1216 
M 1231 
EM 478  
Svl 1365 

R 2205 

Ultipor 9 
Epocel 10 
IPC 1478 

SEM 470 

I EM 476 

(Bags)  

IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
S 
S 
S 
S 
s 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

1 
1 
d 
d 
a 
a 
a 
a 
n 
n 
V 

V 

V 

C 

PP 
1 
Pe 
i 
i 
i 

: 
a, : 

Q) 

18 1 8 5 4 5 4  5 4 5 5  5 

R R R R E E G E  
R R G R  G R E E E E  
R R R R E E E E  
G G G G  G G E E E E  
R R G R  G R E E E E  

R G 
R G 
G G 
G G 

E E E E E E E E  
E E 
G G G G E E E F b  
G Fs G Fs E E E F b  
D D 
D D I E  D G E E E  
D D 
D D 
F b  F b  
F b  F b  F b  G F b  G Fs E G 
Fm F b  G G F b  G G E F b  
Fs Fm G G G G G I  
Fm Fm G G G E E F b  
F b  F b  Sw Fs G I F s G  E I 
E E G G  G E E G G  

Sw G G G Fs E G Sw 
E G  E E E E E  

G F s E  E E I 
G G E E E F s  
Fs Fs Fm Fs Fs I 

al c: 
Id 
3 
; 
0 
k u 

E 

b) 
E: 
0 
d 
Id x 
Q) 
A 
0 
4 u r u 

0 

5 5 4  

R R 
R R 
R R 
G G 
R R 

E E 

E G E  
E Fs E 

D D E  

F b  
Fs 
G 
E 
sw 
G 
sw 
E 
E 
E 
Fs 

Fs Fs 
Fs E 
G E  
E E  
Fm 
E E  
sw 
E E  
E 
E 
sw 

I 
I 
B 
I 
1 



I 
I 
I 
I 
I 

Column 1 

IE - Ion Exchanger 
S - Separator 

Column 2 

n - Nylon 
d - Dacron 
v - Viscose 

c - cotem 
1 - Cellulose 
i - Impregnated Paper 

a -  

pp - Polypropylene 
pe - Polyethylene 

IV-9 

CODE 

Columns 3 to 16 

E - Excellent 

D - Dissolved 
G - Good 

Fs - Frayed  o r  Disintegrated Slightly 

F b  - Frayed  o r  Disintegrated Badly 
R - Part of All of Resin Removed 

Sw - Swollen 

Fm - Frayed  o r  Disintegrated Moderately 

I - Incompatible 

COMMENTS 

Column 3 

SB 6407 
W B  6403 - yellow precipitate 
Textryls  - bright yellow solutions 
EM 470 
M 1401 
M 1410 
M 1450 
EM 4’16 

- 
- t r ace  of yellow in solution 

- slight yellow solution - bright yellow eolution - bright yellow solution 
- bright yellow solution - slight yellow solution 

Column 4 

*. , 

Column 6 

M 1401 - Gelatinous and weak 

Column 9 

M 1365 - Gelled 

Column 10 

A l l  good after one hour 

Column 13 

W B  6403 - slight yellow precipitate 
M 1410 - t r ace  of undissolved fibers 

M 1231 - Soft pulp 
M 1365 - Soft pulp 
I P C  1478 - Soft pulp 

Column 5 

M 1365 - not disintegrated 
R 2205 - good 

Column 15 

IPC 1478 - Probably good 



IV-10 

I 
CODE: 

IE t Ion Exchanger "C'b Compatible "1" - - Incompatible "Q" = Questionah\t 

Compatibility of Material8 in Variour Solvtntr 

S = Separator 
n = Nylon 
a = Dyne1 d # h 

1 = Cellulose 
i = Im re nated w 

I 
e, d 

PEPef d 4 - I  

pp polypropylene 
v x Viscose 
c = Cotton .rl 

- 

4 DAYS UNDER TEST: 5 5 4 6 5 4 4 4 4  

I -- 
SB 6407 
W A  6402 
W E  6403 
SA 6404 
W A  6406 
XLMC 3235 
XLMA 3236 
ET 20 
AE 30 
DE 20 
P 20 
CM 50 
Whatman 42  
M 1401 
EM 312 
M 1216 
M 1231 
EM 478 
M 1365 
EM 476 
R 2205 
Pol  ye thylene 
Ultipor 9 
Epocel 1.0 
EPC 1478 
EM 470 
M 1410 
M 1450 
M 1406 

IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
IE 
s 
S 
S 
S 
S 
S 
S 
S 
s 
S 
S 
S 
S 
S 
s 
S 
S 

n 
n 
n 
n 
V 

- 
- 
- 
- 
- 
- 
- 
1 
a 
n 
V 

V 

V 

C 

PP 
1 

i 
i 
i 
a 
a 
a 
n 

- 

C 

I 

I 
I 
C 
I 
I 
C 
I 
I 

C 
C 

I 
C 
C 
I 
I 
I 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
I 
C 
I 
C 
C 
C 
I 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
c 
C 
I 
C 
I 
I 
c 
C 
C 
I 
c 
C 

C 

I 
I 
C 
C 
C 
C 
C 
C 
I 
I 

C 

C 
C 
C 
C 

C 

I 
I 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 
C 

I 

I 
I 
C 
C 
C 
C 
C 
C 
I 
Q 

C 

Q 
C 
C 
C 

C 

C 
C 
C 
c; 
c 
c 
C 
C 
C 
c 

C 

C; 
c 
C 
c 



IV- 11. 

MATERIALS COMPATIBILITY TEST RESULTS 
PROPYLENE CARBONATE, SOz, AND VARIOUS -UTES 

Sulfur Dioxide Atmosphere 32 P, S. I. G, and Room Tempera ture  
SdUb NOM &ne AlC13 LiCl LiF KBr 
Days Under Tes t  2 5 5 5 5 5 
Mat e rial 

I Q 
Q CT 
Q Q 
Q Q 
Q Q 
C Q 

SA6404 €E 
M C  3142 T I 7  

M A  3148 IE 
XLMC 3235IE 
XLMA 3236 IE 
ET 20 
AE 30 
DE 20 AnionIE 
P 20 Cation IE 
CM 50 Cation IE 
Whatman 42 S 
M 1216 S 
M 1231 S 
EM 478 S 
M 1365 S 
EM 476 S 
Pol r o -  

&ne 
Cell  M 

R 2205 S 
Polyethylsn? SM 
Ultipor 9 b: 
Epocel 10 S 
IPC 1478 S 
Nalco D 30 S 
Aluminum M 
Stainlets M s ee 

Q 
Q 
Q 
Q 
Q 
Q - 

C Q Q - 
C 
C 
C 

C C 
C C 
C C 

C C - - 
C 

C C - C - c - - 

C 
C 
€ 

- - 
I I 
c C 

- 
I 
C 

C L - 
C o m p a t i b l e , Q u e s t i o n a b l e ,  "IE" = Ion Code: "C" = 
Exchange Membrane, "S" = Separator  Material ,  I'M" = Material  of Construction. 

The uae of "Q" to descr ibe the resu l t s  of most  of the t e s t s  on ion 
exchange membranes  indicates that the membranes  appeared to  be unaffected. 
However, the effects, if any, on the ion exchange r e s in  cannot be determined 
with cer ta inty by inspection. The efficiency of the r e s ins  as  ion exchangers 
may be determined beat by testing them in  bat tery cel ls .  

- 

Most of the ion exchange membranes l is ted i n  Table V mpyrarrd 
All  of the sepa ra to r s  and ma te r i a l s  of to  withstand the exposures  very well. 

construction which were checked in this s e r i e s  of t e s t s  were  found to be 
sat isfactory,  except that  Nalco D-30 was dissolved by propylene carbonate.  



Atmorphtre 

Pre I lure 
Solvent 

Solute 
Duration, dsym 

1 SA-6404 

3 MA-3148 
4 XLMG3235 
5 XLMR3236 
6 ET-20 
7 AE-30 

9 P-20 
10 CM-50 
11 whatman42 
12 EM0470 
13 M-1216 
14 M-1231 
15 M-1365 
16 M-1406 
17 R-2205 
18 EM-476 

a DE-20 

19 P.P. Sheet 
20 P.P. Cell 
21. P. E. 
22 Nalea D30 
23 Aclar-33C 

25 Devcon 

27 NylonRod 
28 Ag Tube 
29 Ag Plating 
30 Teflonlnsul 

32 Vinyl Ineul. 
33 Copper 
34 Al Sheet 
35 S.S. Sheet 
36 Mg Alloy 

24 A- 12 EPOXY 

26 RTV-11 

331&PL- 

TABLE XV-b I 
MATERIALS COMPATIBILITY 

Ammonia Gar at Room 

120 nr in  

Liquid Anion Exchanger, ”LA- 1” 

gone 

2 

C 
I 

C 
C 

C 

C 
C 
C 
I 

C 
C 
C 
C 
C 
C 

C 
C 

Alcls LIF LiCl 

4 4 4 

I V - 1 2  

4 4  

C C C c C 
C C C C C 

C C Cd 

C C C 
C C C 
c c C 
C C C 

Ci 
c .  

Ci Ci 
C C 

C Cd 

C C 
C C 
C C 
C C 

C C 
C C 

4 

C 
C 

C 

C 
C 
r 
Ia 

C 
C 

120 pnin 

2 - Ethanolpyridine 

Jone 

4 

C 
C 

C 

C 
G 
I 
Ia 

C 
C 

AlCI, LiF LiF 

4 4 9 9 

C 
C 

C C 
C 

C 

C 

C 
C 
c 
Ia 
I 
C 
C 

C 

C 
C 
I 
Ia 
I 

C 
C 

C 

Ia 

Ci B 
C 



Sulfur Dioxide at Room Temperature 

32 D S i p  

Benzene 
- 

CO, 

8 p s l n  
P. c. 

- . t  

EVALUATION 

n .. Temperature 

90 psig A -  

* t' 85  &D - 
Pyridine 

KBr 

9 

1 
2 

NaI 

9 

C 
C 
C 
C 
C 

C 

C 
C 

C 

C 
C 
C 
Ia 

C 
C 

I 

( CH3)4- LiFl None NC1 
None i Zi-i,)4 

N C1 Alc13 None AlC13 

5 5 
- 

Li C1 

5 

Cd 
Id 
Q 
c 
C 

C 

C 
Cb 
C 
Id 

Cd 
C 
C 
C 
I 
Ia 

C 
C 

NaI 

2 

Ch 
I 
I 
C 
C 

C 

C 
Cb 
C 
Ih 

Ig 
Ce 
I 
C 
I 
Ia 

cc 
Cf 

KBr  

2 

C 
I 
C 
c 
C 

C 

C 
C 
C 
I 

C 
C 
C 
C 
C 
la 

C 
C 

N C1 
9 

C 
C 
C 
C 
C 

C 

C 
C 

C 

C 
C 
C 
Ia 

C 
C 

7 7 4 2 5 1 1  

Qr 

Qr 
Qr 
Qr 
Q 
Q 
Q 
Q 
Q 
C 

C 
C 
C 
C 
C 
C 

C 
C 
[j 
C 
C 
C 
C 
" 
U 

- 
I 

4 

" 
4 

a - 
-I -. 
41 
7 

2 

3 

Cr 
IrJ j 
I r J j  
Ir 
Ir  
Q 
Q 
Q 
Q 
Q 
C 
1 j 

Ir Q 
Ir , j  Ir 
I rJ  j I r  
Ir I r  
Ir I r  
Qr Q 
Qr (3 
Q Q 
Q Q 
Qr Q 
C C 

3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
58 
29 
30 
31 
32 
3 3  
34 
35 
36 

C 
I 
C 
c 
C 

C 

C 
Cb 
C 
I 

C 
C 
C 
C 
C 
Ia 

C 
C 

C 
I 
C 
c 
C 

C 

C 
Cb 
C 
Id 

C 
C 
C 
C 
C 
Ia 

C 
C 

C C 
I I 
C C 
c c 
C C 

C C Ij 

4 
C C 

C 
C 
C 

C C 

C C 
C Ct 
C C 
I I 

C 
C 

C 

C 
C 
C 
Ia 

C 
C 

C 
C 

C C 
C 

C 

1 

Ij Ij 
C 
Ik 

C 
Ik 

C 
C 
I 
C 
I 
Ia 

C C C C 
C 
C 
C 
1 
Ia 

c c  
C 

C 
C 
C 
Ik 
I 
Ci 
C 
c 1  

C C 
C C 
I C 
Ik Ik 
I 
Ci Ci Ci 

C C 
Ci c1 



Code and Notes to Table IV-4 
----_I 

C = Compatible 

I = Incompatible 

Q = Questionable 

P. C. = Propylene Carbonate 

P. E. = Polyethylene 

P.P. = Polypropylene 

S .  S. = Stainless Steel 

The use of "Q" as applied to 
ion exchange membranes indi- 
cates that the physical appear- 
ance is relatively good. How- 
eve rS  the chemical effect on 
the efficiency of the r e s ins  as 
ion exchangers may be de te r -  
mined bes t  by testing them in  
battery cel ls .  

a =: The vinyl insulation shrank in length. 

b = Light yellow color developed; color 
removed by cleaning and drying. 

c = White film formed on aluminum sheet; 
some pitting took place.  

d = Permanent  light yellow color.  

e = Dark g ray  surface film. 

f = Surface etched. 

g = Nylon turned black and became soft 
to a considerable depth. 

h = Dark brown stain. 

i 7 Gray coating" especially a t  edges, 
that can  be scraped off. 

j = F a b r i c  dissolved o r  disintegrated.  

k = Swelled and softened badly. 

1 Trace  of corrosion.  

r =: P a r t  o r  all  of r e s in  removed. 



SOLVENT: 

ATMOSPHERE: 

SOLUTE: 

DURATION, days: 

MATERIALS 

Al Sheet 

M g  Alloy 

Stainless Steel 

TABLE IV-5 

MATERIALS COMPATIBILITY EVALUATION 

Dimethyl Sulfoxide 

Sulfur Dioxide at  Vapor P r e s s u r e  

SnClz (CH3)4NI 

8 8 

Im c1 

Im C e  

c1  In 

Sterline Silver Tube Ce Iq 

Silver P l a t e  In In 

Teflon Insulation C C 

Copper Wire In C 

Pol  ye thylene 

Flexite Tubing (PE) 

EM 476 (PP) 

Nylon Rod 

RTV-11 

SA-6404 

XLMC-3235 

Whatman ET-20 

Whatman P-20 

Webril M-1365 

PP Cells 

PP Tubing 

C I 

C C 

C C 

Cd d 

C C 

Qr ,,. 

Q Ir  

Qo I- 

Qo 

Qo 

Cd Cd o r  p 

Cd Cd 

.:, 

J. 

IV-15  

CODE 

C = Compatible 
I = Incompatible 
Q = Questionable 

PP = Polypropylene 
PE -- Polyerhylene 

NOTES 

d permanent light yellow color 
e = dark gray surface film 
k = swelled and softened badly 
1 = t race  of corrosion 

n :: dissolved 
o 2 fabric  weakened 
p =- reddish-brown color 
q = dissolved at center  into 2 pcs  
r 2 part  o r  all of res in  removed 

m badly corroded 

;*Samples w e r e  dissolved, disintegratedn o r  lost .  

Webril SM-91 was found to be compatible with N, N-Dimethylformamide. 

BEST- TEST and CARTER'S rubber cements a r e  compatible with Butyrolactone 
and are useful for  cementing Whatman and Gelman ion-exchange membranes  a 



IV- 16 

IDENTIFICATION O F  ION-EXCHANGERS, SEPARATORS 
AND MATERIALS O F  CONSTRUCTION 

Gelman Instrument Company, - Ion-Exchange Membranes,  "Acropor": 

SB-6407 on Nylon 

WA-6402 on Nylon 

WB-6403 on Nylon 

SA-6404 on Nylon 

WA-6406 on Viscose 

Ionac Chemical Company, 7 Ion-Exchange Membranes: 

MC-3142 Cation Membrane 

MA-3148 Anion Membrane 

XLMC-3235 Cation Membrane 

XLMA-3236 Anion Membrane 

Rohm & Haas Company - -  
LA-1 Liquid Ion-Exchanger - Anion *- "Amberlite" 

LA-2 Liquid Ion-Exchanger - Anion - "Amberlite" 

Whatman - Ion Exchange Membranes: 

Manufactured by W. & R. Balston, Ltd . ,  England 

Anion Exchanger - Ecteola Cellulose 

Anion Exchanger - Aminoethylcellulose 

Anion Exchanger - Diethylaminoe thylcellulo s e 

Cation Exchanger - Cellulose Phosphate 

Cation Exchanger - Garboxyme thy1 cellulo s e 

American Machine - and Foundry Company, "Amfion" Products :  

C - 6 0  Ion-Permeable Membrane, Strong Acid Type 

C-103c Strong Acid Type 

Arthur H. Thomas Company, F i l te r  Paper :  - -- 
Whatman No. 42  

Whatman No. 50 

Whatman No. 541 

P a p e r  E T  20 

P a p e r  AE 30 

P a p e r  DE 20 

P a p e r  P 20 

P a p e r  CM 50 
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IDENTIFICATION O F  ION-EXCHANGERS, SEPARATORS 
AND MATERIALS OF CONSTRUCTION 

Continued 

Webril Non-Woven Fabr ics ,  Kendall Company, Walpole, Massachuset ts  -- 
EM-470 Dynel 

M-1401 Dynel 

M-1410 Dynel 

M-1450 Dynel 

M44436 Myhn - -el Binder 

EM-312 Nylon - Dynel Binder 

M-1216 Viscose - Vinyon Binder 

M-1231 Viscose - Chandler Binder 

EM-478 Viscose Gauze - Chandler Binder 

M-1365 Cotton - Chandler Binder - Balance Acetate 

EM-476 Polypropylene - 0.0027" thick 

R-2801 P u r e  Cellulose 

R-2901 P u r e  Cellulose 

R-2401 P u r e  Cellulose 

R-2205 Pure Celluloee 

SM-91 Polypropylene - 0.005" thick 

Polypropylene Sheet - 0. 020" thick 

Polyethylene Sheet f r o m  Bag Stock 

Nalco Chemical Company: 

D-30 Vinyl Type Dialysis Membrane 

Allied Chemical Corporation, General Chemical Division, - Film: 

Aclar  33C, mil thickness (Fluorohalocarbon Resin)  

Pall Corporation, Epoxy Re sin Impregnated Paper:  - 
Ultipor 9 

Epocel - 3 mic ron  

Epocel - 10 micron  

Epocel - 30 micron  
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IDENTIFICATION OF ION- EXCHANGERS, SEPARATORS 
AND MATERIALS OF CONSTRUCTION 

Continued 

Knowlton Brothers,  Pape r .  

IPC  1478 - Impregnated with Dibutoxyethylphthalate 

Whitehead Metal Products  ComDanv. Inc. : 

Alcoa Aluminum Alloy Sheet No. 3003-H114 

Laminated Shim Company, - Inc. : 

Stainless Steel Sheet - Type 302 - 0.002" thick 

P las t ic  - and .. Rubber Products  Company (Available f rom Beemer  Engineering Co ): 

ttO" Rings - Compound No. 488-70 - Nitr i le  Rubber - Good for  NH3 

l t 0 ' l  Rings - Compound No. 805-70 - Butyl Rubber - Good fo r  SO, 

B e 1 de n Ma nu f a c tu r i ng Company : 

No. 8530 Tin Plated Solid Copper W i r e  - Vinyl Insulation - MW-C- 
22-(1) u 

L. Frank  Markel & Sons: - -  - 
C-20381 - Silver Plated Solid Copper Wire,  24 Gauge, Teflon 
Insulation 

Flexite Shrinkdown tubing (Polyethylene) - Size 16 

Armst rong  Products Company: 

A- 12 Epoxy Resin Adhesive 

Devcon CorDoration: 

Clear  Epoxy Adhesive 

A. R. Purdy Company, Inc.:  - -  - 
Magnesium Alloy No. AZ31BO 
96'70 Mg + 370 A1 t 1% Zn 

Polvmer CorDoration of Pennsvlvania 

Nylon Rod 
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IDENTIFICATION O F  ION-EXCHANGERS, SEPARATORS 
AND MATERIALS OF CONSTRUCTION 

Continued 

General Electr ic  Company: 

, RTV-11 Silicone Rubber 

T. B. Hagstoz and Sons: -- -- 
Sterling Silver Tubing, 3/32" O.D. x 0. 055" I. D. 

The C a r t e r ' s  - Ink Company: - 
C a r t e r ' s  Rubber Cement 

Union Rubber and Asbestos Company: 

Bes t -Tes t  White Rubber Paper Cement 

Arthur - H. Thomas Company: 

Whatman GF-A Glass  F i b e r  Fi l ter  Sheet, 0.008" thick 

Schleicher and Schuell Glass  Fiber  F i l t e r  Sheet No. 24, 0. 040" thick 

American Hard Rubber Company: 

Microporous Rubbey, ACE-SIL, 0. 05" Veneer 

No. 1698 Efficiency Blot ters  

Polypropylene Screen: Strand dia. 4 .02"; s c r e e n  openings -L .06" 

Cardboard f rom Kodak Slide F r a m e  

E. I. DuPont De Nemours & Company: - -  - 
Textryl - Calendered - Dacron  Production has  been discontinued 
Textryl - Fused - Dacron 
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BACKGROUNDFORENERGY BALANCE 

I 

A comprehensive study of this task embraced a careful and recorded sea rch  
of the l i t e ra ture  and substantial deliberation by the r e sea rch  team assigned. 
A review of the fac ts  indicates that Count Allessandro Volta invented his  pile 
employing the zinc/copper couple and a dilute H,S04 acid electrolyte.  
century ago, Leclanchei invented his cell  which we know today a s  the f lash-  
light battery; and today, after 164 yea r s ,  substantially a l l  ba t te r ies  manu- 
factured for  sale  a r e  based upon the same solvent, water .  Thus, one 
may presume that conventional battery design ru les  a r e  based upon the 
proper t ies  of water .  

A 

Numerous precepts ,  t rue,  perhaps in water ,  have narrowed the thinking 
concerning ba t te r ies  in  a general sense .  
bat tery solvent mus t  have a high dielectric constant because water  has  a 
dielectr ic  constant of 80 .  Insoluble cathode mater ia l s  have been generally 
sought for  and employed. 

It i s  often concluded that a 

More important than the dielectric constant, pe r  s e ,  are the coordination o r  
solvation requirements  of the solute ions. Thus, the ligand atmosphere 
concept was generated as a result of the subject project  deliberations.  It 
was  real ized that a one ea r th  normal a tmosphere o r  no atmosphere at a l l  
was being taken for  granted. If  this work were  performed on a planet 
which contained ammonia in  its atmosphere,  it might have been conventional 
to have presumed an  ammonia-containing atmosphere o r  none a t  all. 
we generalize and say that the atmosphere should be considered a s  a variable 
under the control of the designer.  
adds a third dimension to the total number of possibil i t ies which may be 
considered in the design and construction of ba t te r ies .  
cant variation is  introduced by the ligand atmosphere p re s su re .  This i s  
demonstrated by Figure V-1, page V-2 ,  where extensive variations i n  
specific res is t ivi ty  a r e  demonstrated under the influence of changes i n  
ligand atmosphere p re s su re .  

Thus, 

The introduction of this  concept l i teral ly  

Obvious and signifi- 

The second-mentioned limiting restriction imposed by aqueous thinking was 
the requirement  of insoluble cathode reactant .  It is interesting to note that 
in a number of the non-aqueous solvents so far studied in this  work, those 
mater ia l s  which were  truly insoluble men? ra ther  inert.,  Despite the diffi- 
cult ies thus imposed upon the anode, those cathode ma te r i a l s  which show 
a t  l e a s t  some solubility ca r ry  moderate cur ren ts ,  and those which a r e  
distinctly soluble will generally support substantial discharge r a t e s .  
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ENGINEERING ENERGY BALANCE 

The first law of thermodynamics has  been used as a tool fo r  evaluation of 
possible bat tery systems with considerable success .  
expressed in a number of ways; fo r  example, energy may  neither be c rea ted  
nor destroyed in any process .  
equation (1)  resu l t s  directly f rom the f i r s t  law. 

The f i r s t  law may be 

The simple engineering energy balance of 

W (the electrolyte figure of mer i t )  is maximum useful work available f r o m  
the battery; U is  the total available energy; and Q represents  the energy 
wasted through generation of heat by resis t ive and leakage p rocesses .  We 
have attacked the overall  problem of the selection of bat tery electrolytes to 
be studied by means of the simple energy balance (1 ) .  
shows how this reasoning has been applied to possible ba t te r ies  and bat tery 
sys tems as the solvent, solute, and atmosphere a r e  var ied.  

F igure  V-2,  page V - 4  

In a battery,  the total available energy, U, may  be defined in t e r m s  of 
electrode reactants  available to produce energy. 
sion E F / M  [where E is the combined potentials of the anode and cathode (fuel 
and oxidizer);  F i s  Fa raday ' s  constant; and M is combined equivalent weight 
of the electrode reactants] was selected as a convenient form for  the evaluation 
of U. The losses ,  Q, which can be directly attributed to the electrolyte a re :  
(1) the obvious and conventional res is t ive lo s s  I'RT and ( 2 )  a l e s s  conventional, 
but nevertheless real is t ic ,  electrode local action lo s s  in  the fo rm EiT, where  
E has  been defined; [i] is the corrosion current ;  and T is time. Thus, equation 
(1)  becomes: 

The conventional expres-  

EF 
W = - - I'RT - EiT M 

In equation ( 2 )  the t e r m  I may be replaced by the quantity F / M T  giving 
equation ( 3 ) :  

E F  F2 
M M T  

w=-- - 7 R - EiT  ( 3 )  

By calculus, W will be a maximum with respect  to t ime when time is equal 
to the value shown in  equation (4): 

This m a y  be 
and resis t ive lo s ses  a r e  equal, their combined value will be a minimum. 
F o r  example, in F igure  V-3, page V - 5  where W is shown a s  a general  

conveniently demonstrated by the fact  that when the cor ros ion  
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function f o r  T for essentially any bat tery system, when T is extremely small, 
the energy l o s s  will be largely resis t ive;  and when T is extremely la rge ,  the 
energy lo s s  will be largely due to local action o r  wet stand. Thus, the optimum 
discharge t ime occurs when the lo s ses  in question a r e  equal. Substituting the 
value f o r  T f r o m  equation (4)  into equation ( 3 )  gives a pract ical  overall  relation- 
ship expressed  by equation (5): 

F W = -  M ( E  -JTFET) (5)  

In o rde r  to apply equation (5) to the evaluation of specific bat tery electrolyte 
compositions, it is necessa ry  to express  all var iables  as functions of a single 
argument.  The argument chosen f o r  this work is E, the cell  potential. 

The value 1 2 , 1 8 0  ampere  hours  p e r  pound equivalent weight was  taken for  F 
in o rde r  that  the maximum figure of mer i t ,  W, for  the electrolyte compositions 
would resu l t  in  the proper  units, watt hours  p e r  pound. 

Since it i s  known that the voltage available f r o m  the net electrode reactants  
is dependent upon the position of the reactants  in  the atomic table, the t e r m  My 
equivalent weight of the net electrode reactants ,  may be expressed as a function 
of E .  Appendix By page B-1 , t r e a t s  this ma t t e r  in some detail and provides a 
mathematical  statement of this fact  a s  equation (6): 

(5 .  5 - 0.4E)  
M = e  

In equation (5) ,  the quantity under the square  root sign 
lo s ses  attributable to  the electrolyte.  

Cell res i s tance ,  R, and local action cur ren t ,  i ,  depenc 

represents  the combined 

upon the proper t ies  of 
each bat tery electrolyte under evaluation. 
the relationship: 

The cell  res i s tance  i s  determined by 

L R = p -  A 

where p = specific res is tance of the electrolyte 

L = inter-electrode spacing 

A = geometric electrode a r e a  

The specific resistance,  p ,  f o r  many electrolytes has  been measu red  in  this 
work and these a re  indexed in  Appendix A. 
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The cor ros ion  current ,  i ,  depends upon the cell  potential and upon the 
geometric a rea :  

i = JA 

where J = the corrosion current  density a t  both electrodes!  
A = the geometric electrode a r e a  

J is a function of the cell  potential and /o r  s t r e s s  applied to the solvent. 
the Tafel equation is frequently useful in  expressing the dependence of J upon 
E, about one -third of the non-aqueous electrolyte compositions measured  in  
this work conformed to  a simple Tafel relationship. For these electrolytes,  
the modified Tafel constant and slope representing four measured  points w e r e  
tabulated (Table V-1, page V-8) under the heading C and D respectively.  
The computer code, N, was used to indicate the l inear i ty  of the Tafel data .  
When N = 0, the data points satisfied rank order  correlat ion.  Where the 
simple Tafel relationship did not adequately expres s  the corrosion cur ren t  
density, actual measured value computations a r e  tabulated with blanks in  
the spaces  provided for C and D. 
density data would have required excessive effort and space.  

While 

Inclusion of the individual voltage-current 

Thus, in  equation (5) ,  all variables have been expressed  a s  measured  functions 
of E; and W may be solved for  all values of E. 
of six volts upon E.  
for each eiectroiyte composition i s  reported.  

We have place an  upper l imit  
Naturally, the maximum value of W (the figure of m e r i t )  

Since our  general  theoretical battery consideration led to approximately 20 
solvents x 12 solutes x 10 atmospheres,  a substantial number of determinations 
was indicated. F o r  this reason, a s  the program evolved, automatic instrumen- 
tation was developed and utilized for the m a s s  measurement  of specific res i s tance  
and cor ros ion  cur ren t  a s  a function of the applied voltage s t r e s s ,  E. 
utilization of this equipment resulted in such volumes of raw data that manual 
calculation by human beings rapidly became a problem. 
automatic data processing was instituted to calculate 
data ranging f rom 0 to 90 percent of the ligand vapor p r e s s u r e  a t  room 
tempera ture  (limited to several  hundred pounds per  square inch).  

The 

F o r  this reason, 
the machine-collected 

Concerning the electrodes which were  used to provide the specific res i s tance  
and local action cur ren t  measurements ,  it is  c lear  that  for  uniform m e a s u r e -  
ments  under widely varying conditions, the only pract ical  choice was one o r  
m o r e  noble meta ls .  Platinum electrodes were  utilized throughout. This 
choice introduces a conservative factor into al l  the measurements .  
example, hydrogen evolution (a type of anode local action) is greatly enchanced 
on platinum electrodes.  
e lectrodes used has  been deemed sufficient compensation for  the incomplete 

F o r  

This highly conservative charac te r  of the sea rch  
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definition of the t e rm T, t ime, applied above; the T used in the der iva-  
tion should be strictly defined as the cell  discharge t ime.  
in  actual pract ice ,  a t  l eas t  some allowance must  be made for  wet stand 
t ime.  Furthermore,  a t  a meeting a t  Lewis Research  Center’ a 
theoretical  figure of m e r i t  of 500 watt hours per  pound was promulgated, 
This was justified on the basis  that the zinc-aqueous KOH-silver 
peroxide battery has approached 100 watt hours pe r  pound and has  a theo- 
re t ical  maximum in the o r d e r  of 250 watt hours per  pound. 
presents  an overall efficiency of 40 percent of theoret ical .  

However, 

This r e -  

Those electrolyte systems whose measurements  resulted in  calculated 
f igures  of m e r i t ,  W, watt hours  per  pound of net electrode reactants  in 
excess  of 500 have been summarized in Tables 11-1 and 11-2, pages 11-4 
through 11-5. 
i s  presented. 
t ime on the IBM 1620, pe r  electrolyte composition point, was approximately 
14 seconds. When i t  i s  realized that full manual calculation requi res  
approximately two and one-half hours  per  composition, the use of the 
computer is  highly justified. 

In Appendix A, an index of the print-out f rom the computer 
Our programmer  informed us  that the average computation 

The summary  Table 11-2 mentioned above indicated cer ta in  interesting 
t rends.  Ligand atmospheres analogous to the parent  solvent a r e  highly 
complementary.  Thus, a sulfur dioxide atmosphere i s  of significant 
benefit to dimethyl sulfoxide as  a solvent; a carbon dioxide atmosphere 
i s  of significant benefit to butyrolactone a s  a solvent; and a n  ammonia 
atmosphere is  of significant benefit to N, N-dimethylformamide. While 
the general  evaluation given in  Tables 11-1 and 11-2 was only recently 
available, two potentially useful systems were  determined by the partially 
complete work a t  an ea r l i e r  date. 
i n  the section entitled “Electromotive Cell Tes ts .  I ‘  

probable sys tems a r e  now available for evaluation, 

Cell t es t s  on some systems a r e  descr ibed 
A number of highly 

1 Technical Meeting a t  Lewis Research  Center ,  September 18, 1963. 
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SPECIFIC RESISTANCE AND DECOMPOSITION 
POTENTIAL MEASUREMENTS 

Under the previous heading "Engineering Energy Balance, 
was laid whereby the m e r i t s  of a possible bat tery electrolyte may  be evalu- 
ated in t e r m s  of specific resistance,  corrosion current ,  and decomposition 
potential. There follows in this section a description of the implementation 
of this bas i s  and the flow of the resulting m a s s  of data f rom the recording 
instruments  to punch cards ,  through a computer to punch cards ,  and finally 
to a machine print-out demonstrated by the sample in  Table 11-3, page 11-7 

a foundation 

The equipment consists of sealed p r e s s u r e  chambers  into which a ligand 
atmosphere may be introduced. Glass-platinum measurement  cel ls  within 
these chambers  a r e  alternately connected to a 1, 000-cycle voltage source 
used to provide specific resistance measurements  and a dc voltage source  
for  the measurement  of nine corrosion cur ren t  levels  and a combination of 
both for  the determination of a comparative ac  polarized res i s tance  (under a 
dc voltage s t r e s s ) .  
and related circui t ry  capable of measuring 144 data points pe r  complete cycle. 

Per iphera l  equipment includes a s t r ip  char t  r eco rde r  

F igure  V-4, pageV-10, outlines in broad diagram form the overal l  p rocess  
of data collection, processing, and presentation. 

The Specific Resistance and Decomposition Potential Cells 
and Related Equipment 

Block A of Figure V-4, Page  V-10 

Specific res is tance and decompssition potential measurements ,  Block A of 
F igure  V-4, were  conducted in cells of the type shown in Figure V-5 ,  
page V-12. 
in the pressur ized  containers.  

As many as nine measurement  cells were  operated concurrently 

These ce l l s  were  f i r s t  charged with the solvent under consideration and a 
quantity of solute sufficient to result  in a concentration of approximately 
one mola r  i f  solution were  completed. The solvent was allowed to stand 
in contact with the solute until equilibrium readings were  obtained at one 
atmosphere by the cell  measuring system. Following this, the chambers  
containing the cel ls  were  purged with one of the ligands; and the ligand was  
gradually admitted to the chambers via a capillary tube. 
was begun. The full vapor pressure  of the ligand o r  a maximum of several  
hundred pounds pe r  square inch was approached during a 16-hour period o r  
longer.  The cell  measurements  were conducted cyclically in accordance with 
the following explanation. A complete scan of all cel ls  was accomplished 
in approximately 36 minutes and repeated until the termination of the experi-  
ment .  

The measuring cycle 
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The Specific Resistance and Decomposition Potential Measuring System 
Block B of Figure V-4, Page  V-10 

A symbolic diagram of the specific res is tance and decomposition measuring 
c i rcu i t ry  is shown in  Figure V-6,  page V-14. The cell  selector  indexed 
f rom one cell to another and then began a new cycle af ter  nine cel ls  and 
three  reference channels were  scanned. 
completed before the cell  selector indexes to a new cell .  
cycles a r e  made by the cell measuring switch each t ime one cycle is com- 
pleted by the cell  selector .  Cell channels 10 ,  11, and 1 2  were  allocated for  
reference purposes.  
15 seconds of operation. 

The cell measuring sub-cycle i s  
Hence, 1 2  sub- 

Each measuring network generated one data point every 

ItemII of F igure  V-6  helps to visulize the arrangement  of the cell measur ing  
networks. 
potential relationship [I(  l ) ,  I( 2 ) .  . . I( 9 )  ] constituted a cell  in s e r i e s  with a 
voltage source,  V, and a limiting resis tance,  RM,( see  Figure V-7, pageV-l5), 
which l imited the corrosion current through the cell  to an increasing maxi-  
mum value. Table V-1, pageV-16, details  the functional s teps  of the cell  
measuring networks. 

Each corrosion current measuring step of the decomposition 

P i s  the pressure-measur ing  step, while RK and RPK a r e  the electrolyte 
specific res is tance and the comparable polarized resis tance measurements .  
The measurements  were  recorded on char t s  a s  indicated by Block C of 
F igure  17-4. 

Selection of Specific Resistance and Decomposition Potential  Measurements  
Block D of Figure V-4, Page  V-11 

The measured  data on the char t  viere examined, and representative measurement  
sub-cycles were  selected for  computer computation on the bas i s  of frequent 
and stable values.  The first a r e a  to be examined consisted of measurements  
made in an a i r  a tmosphere.  An equilibrium cell  selector  cycle was isolated; 
and each cell measuring cycle therein was marked  off and identified by a code 
number,  see F igure  V-8, page V-17. F o r  example, the system acetoni t r i le /  
lithium fluoride/ammonia can be identified by the chemical system code 
13104. 01 defined on page V-18. The f i r s t  digit, 1, represents  a run with 
ammonia introduced as the ligand. The next two digits, 31, represent  the 
code for acetonitri le.  The next two digits, 04, represent  the code for lithium 
fluoride. The l a s t  two digits to the right of the decimal point, 01 , represent  
the f i r s t  a r e a  f rom which the data was chosen. An . 01 herein represented an 
air a tmosphere.  
represented equilibrium readings in a ligand atmosphere ( a i r  was removed 
by purging the sys tem with the ligand at atmospheric p re s su re ) .  

A number greater than 01 to the right of the decimal point 

These two 
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PHYSICAL MODEL OF A CELL MEASURING NETWORK 

See Item 11, Figure V - 6 ,  page V-14and Figure  V-4. page V-10, Block B 

Measured  Electrolyte 
Re si stance 

Ei -- .- 

Measurement Cell 

Measured  Electrolyte 
Re si stance 

Ei -- .- 

Measurement Cell 

KM .?/ 

L i m i t i n g  /- 
R e  si s t a n c e  

V dc Voltage Source 

Elect rode Reaction I n t e r  face  

El,  E, - Interfacial Voltage 
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TABLE V-1 

MEASURING SUB-CYCLE FOR A SINGLE CELL 

APPLIED 
VOLTAGE LIMITING RESISTOR RECORDER 

MEASURING (volts dc) (kilohm s ) CURRENTRANGE 
NETWORK V RM (mic ro  - amp e r e  s ) 

- -  

1 

2 

4 

6 

8 

10 

10 

10 

10 

10 

s e e  Figure V-6 , page V - 1 4  Item11 

- -  

l o  

20 

40 

.6 0 

80 

100 

50 

20 

10 

10 

p r e s  su re  

a c  specific r e  si stance 

100 

100 

100 

100 

100 

100 

200 

5 0 0  

1000 

polarized ac res i s tance  
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01 

02 

03 

04 

05 

06 

07 

08 

10 

11 

12 

13  

14 

15  

16 

17 

20 

21 

22 

23 

1. 

2. 

3.  

4. 

5 .  

6. 

7. 

SOLVENT-SOLUTE-ATMOSPHERE CODE - 
n-Butylamine 

Ethyl Acetate 

Propylene Carbonate 

Acetone 

Benzene 

Toluene 

Pyridine 

Tet ra  hyd r ofu r a n  

1, 1, 1 -Trichloroethane 

iso-Propylamine 

Petroleum Ether 

Butyrolac tone 

Methanol 

Fluorobenzene 

p-Fluorotoluene 

2 -Ethanolpyridine 

Nit rom e thane 

n - P r o  pyla  mine 

Phenyl Ether  

N-Methyl- 2-Pyrrolidone 

AlF3 

AlClj 

A12(S04 13 

LiF 

LiCl  

KB r 

KI 

SOLVENT CODE 

24 

25 

26 

27 

31 

32 

33 

35  

41 

51 

60  

89  

90 

91 

95 

96 

97 

98 

99 

SOLUTECODE 

V-18 

Hexylene Glycol 

1 -Fluoro-2,  4-Dintrobenzene 

p - a  - Dic hlorotoluene 

2 -Amino 3 -Ethylpyridine 

Acetonitrile 

Dioxane 

Ethylene Carbonate 

Para Chlorobenzotrifluoride 

N, N-Dimethylformamide 

Formamide  

Dime thy1 Sulfoxide 

Amberli te LA-1-Freon 113 (50/50) 

Genesolv-D (Fluorotrichloroethane) 

Cyclohexanone 

Water 

Ammonia 

Mer  captopropionic Acid 

Amberli te LA-2 

Amberli te LA-1 

8. KC1 1 5. HONH,. HC1 22. SnC1, 

9. KSCN 16. (CH3)3N. HC1 23. (C6H5)2C0 

10. NaBr 17. MgC1, 24. c6ci402 
11. NaI 18. MgBr, 25. Mg(C104)Z 

12. NaCl 19. K F  26. NaC02CC13 

1 3 - (CH3)dNCl 20. MgSO4 27. KC02CC13 

14. (CH3)4NI 21 .  AgNO3 

ATMOSPHERE CODE 

0 Air  2 Sulfur Dioxide 

1 Ammonia 3 Carbon Dioxide 
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digits can be interpreted to mean, in the o rde r  of their  magnitude, the relative 
concentration of the ligand. 

Figure V - 8  a lso indicates how the la rge  number of repeated measurements  
w e r e  character ized by a relatively smal l  fraction of the total  recorded 
points. 
cell  measuring sub-cycle f o r  a specific system, in this case  acetonitri le/  
lithium fluoride/ammonia.  Each succeeding dashed gr id  line represents  the 
same  chemicai system chosen a t  a different iigand p r e s s u r e .  
measurement  sub-cycles were  selected by observing consistant and repeated 
recorded points of RK, RPK, P, and 1(1) - I (9 )  for  a given cell number.  
Corrosion cur ren t  measurements  1(6) - I (9)  a r e  plotted in this f igure.  These 
four  corrosion cur ren t  measurements  were  t ransfer red  to punch ca rds  as 
represent ing the bulk of the pertinent decomposition data.  

Each chemical system code number represented another equilibrium 

Equiiibrium 

Inspection of this figure shows that RK and RPK increased with the application 
of the ligand and then decreased.  
slightly due to excessive adsorption a t  the end of the run while the corrosion 
cu r ren t s  I(6) - 1(9) increased gradually. 

The p r e s s u r e  increased  and then dropped 

Computer Processing of Data 
Blocks E, F, and G of F igure  V-4, Page  V-11 

Measured data were  t ransfer red  from selected a r e a s  on char t s  to punch ca rds  
( s e e  input punch card,  Figure V-9, page V - 2 0 ) .  The digital unprocessed 
data  points resuited f rom measurements  of the corrosion cur ren ts  i ( 6 j  - i ( S j ,  
RK, RPK, a n d P .  

The measured  data f rom the input punch cards  were  then processed  by a 
computer and converted to meaningful f igures  ( s e e  Computer P r o g r a m  No. 4, 
pages V-21, V - 2 2 ,  V-23). The maximum figure of mer i t ,  W, and the cell  
potential, E, were  then calculated. The computer output consisted of additional 
punch ca rds  ( s e e  output punch cards ,  Figure V-9 ,  page V-20) on which were  
punched the following: the chemical sys tem code; N, which indicated the 
curvature  of the Tafel plot f o r  that system; RK, the electrolyte specific r e s i s t -  
ance in  kilohm - cm; RPK, the electrolyte polarized comparable res is tance;  
P ,  the ligand p r e s s u r e  in  pounds per square inch absolute when available; C 
and D (the modified Tafel constants); E, the cell potential; and W, the maximum 
figure of mer i t .  
p r in t e r  as indicated by the sample page of Table 11-3, page 11-7. 

The data were  then tabulated f rom punch ca rds  by means  of a 
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FIGURE V - 9  

Punch Cards for  the Chemical System N, N-Dimethyl Formamide/Aiir I cluminum Chloride 

l l o Y I l l l l I l l l o I l l l I l l l l l l l l ~ I o I l l l l l l l ~ l l l l l I l o l l l l l l ~ ~ a l o  
m ~ r n m u m ~ s ~ t m s ~ n a n n a e a u u ~ a a n a a n ~ ~ o ~ m m m a n n a ~ a ~ ) m n m a n ~ m n n ~ ~ n a n a a ~  2 

l l ~ l ~ l l l ~ r l l l r l l l l ~ t l ~ l l l l ~ l l l l l l l l l l l l l ~ l l l l l l l l l l l l l l l l l l l ~ l l l l l l l l l l l l l l l l l l l  E 

See Table 11-3, page 11-7 and Figure V - 4 ,  page V-11,  Blocks E and G. 
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The Computer P r o g r a m  
Block F of Figure V-4, Page  V-1 1 

The computer program, pages V-21, V-22,  V-23, was formulated to apply 
the bat tery energy balance equation judiciously to the la rge  volume of selected 
data. A chemical system code was provided to identify the sys tem in question. 
An additional code, N, described the shape of the Tafel curve .  This was 
especially valuable in that some insight m a y  be given as to the electrochemical 
behavior of the system. RK, RPK, and P were  discussed above, and C and D 
a r e  derived in Appendix C. 

Alternate ways of calculating E and W were  provided for  in the computer 
program.  
One method of computation which used the values of C and D (the modified 
Tafel constants) was based on a computer approximation of the Tafel line 
( s e e  equation ( 7 )  below). This approximation was not always sensitive to 
solvent break-down; hence, excessive f igures  of W and E were  censored 
see  Figure V-10, page V-25. However, this method was mos t  useful when 
N = 0 (indication of a l inear  Tafel plot) because W could be m o r e  accurately 
estimated since controlled increments  of E were  used in  the computation. 

This was useful in  that W could be evaluated with g rea t e r  reliability. 

The al ternate  method of computation employed the actual value of E ( in te r -  
facial  voltage in this case)  and the corresponding cu r ren t  density, J ,  in 
o rde r  to evaluate W ( see  equation (8)  below). 
was  that W determined a t  the observed voltage is m o r e  likely to be valid than 
by the f i r s t  method of computation, 
approximation of the Tafel line *for non-linear plots. 

The advantage of this method 

since the f irst  involves a questionable 

0 . 4 E  - 5 . 5  
W = E F e  - 0 .  

The Compute r P r i n t  - Out 
Block H of Figure v - 4 ,  Page  V-11 

The computer output format  was designed to present  the computed numerical  
resu l t s  in a fo rm which allows for  d i rec t  interpretation. In Table 11-3, page 
11-7, the figure of meri t ,  W, i s  l is ted in the right-hand column; and chemical 
sys tems providing values grea te r  than 500 were  summar ized  in Tables 11-1 
and 11-2 s tar t ing on page 11-4. 
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Non-linear modified Tafel data often required two methods of computation 
due to the l imited discretion that could be designed into the computer 
program. When this  occurred,  manual calculation was used to resolve 
the mos t  co r rec t  interpretation of the W values. 

J 
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VERIFICATION O F  THE ENERGY BALANCE EQUATION (5 )  
DERIVED FOR THE EVALUATION O F  ELECTROLYTE SYSTEMS 

ON A FIGURE O F  MERIT BASIS BY BATTERY PERFORMANCE 

3 . 9  t 0.4E J F 
M W = -  (E - 0 . 9  p E J  ) =  e 

ExamrJle I 

The cel l  shown in Figure 11-1, page 11-3, will be used a s  the first example. 
E is first assigned a value of six volts.  
Figure V -  11 on the following page. 

Rho and J a r e  obtained f rom 

Wg = e 3 * 9  ' 2 ' 4  (6  - 0 .  9/-) 

w6 = 2, 320 watt hours p e r  pound of net electrode reac tan ts ,  

E i s  then decreased to 5. 5 volts 

w 5 . 5  = e 3 .9  ' 2 . 2  ( 5 . 5  - 0.9/-) 

w 5 . 5  = 2, 220 

The higher figure of 2, 320 watt hours p e r  pound of net electrode reactants  
i s  taken as the figure of m e r i t  f o r  the electrolyte LiC10, - butyrolactone. 

9 d * L  se t  a t  1 / 5  cm as a practical  minimum 
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This f igure is substantially grea te r  than the minimum value of 500. 

Cell #95 of Table 111-1 and Figure 11-1 , page 11-3 , initially operated a t  
3. 3 volts, not 6 ;  hence, W3. 3 i s  used for comparison below: 

= 185(3. 3 - 0.9;::o. 1) 

= 185(3.20) = 593 

Applying the packaging efficiency of 40 pe r  cent 

593:::4070 = 237 watt hours  p e r  pound 

Since complete utilization of uncorroded cathode reactant i s  presumed by the 
energy balance: 

237:%8570 achieved =: 202 watt hours  pe r  pound 

The maximum figure of W of 2, 320 and i t s  related cell  potential of 6 volts 
implies the use  of s t ronger  electrodes for  even grea te r  energy density. 

The achieved figure of 125 watt hours  per  pound represents  6 2  percent 
of the value of W at  this voltage level.  Fu r the r  engineering of this cell 
s t ructure  may  well provide 200 watt hours  pe r  pound 
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Example I1 

F o r  the second example, an aqueous cel l  not employing the auto-ionization 
constant will be used. 
for  H,/Pt in aqueous H2S04 and O,/Pt i n  aqueous NaOH. F r o m  this, Tafel 
relationships for  water may be calculated: 

P e r r y 2  gives an  overvoltage and cur ren t  density f igures  

Converting to 

= 0 . 6 8  t 0 .22  log J 
77H2 
k - n 7 7  - u. 1 f -t 0 . 2 6  log .J 
I /  o2 

= 1 . 4 5  t 0.48 log J 37H20= ‘)7H2’ ??02 

the natural  base: 

‘H,O = 1 . 4 5  t 0 . 2  In J 

Combining the decomposition potential of water:  

t 1. 2 = 2.65 t 0.  2 In  J E= ?H,O 

Converting to the exponential form: 

E - 2.65  
0 . 2  J =  

Using this value for  J in  the energy balance with p taken as  unity: 

(E - 0.9 d p x )  
3.9 t 0.4E 

W = e  

gives the following resul ts :  

E 

1 . 8  

- W 

165 
- 

2 . 3  21 3 

2 . 4  21 5 

2 . 5  213 

2 . 6  181 

2 . 7  151 

3 . 0  Ne ga tive 

J .  H. P e r r y ,  Chemical Engineers Handbook, p. 2752. 

40% W 

66 

85 

86 

(suitable 

for r e se rve  

ce l l s  only) 
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The 40 per  cent W figures compare reasonably well with the normally 
reported figures f o r  aqueous bat ter ies .  
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ION EXCHANGE MEMBRANE CELLS 

In Example I1 of page v -31  an interesting improvement is obtained by fur ther  
modifying the Tafel constant through the inclusion of the autoionization con - 
t r ibu tion: 

R T  
XF 

E = - In lo- '*  t 2.65 4- 0,  2 In J 

= 0.84 t 2 . 6 5  t 0.  2 In J 

3 . 5  t 0 .21n  J 

Whereby: E - 3 . 5  
0 . 2  

J = e  

and W is increased f rom 284 to: 

w3. 2 = e 

3" 2 - 3.5 
( p  
fo r  aqueous solutions) 

i s  taken a s  one ohm-cm 
3 * 9  + 1 * 3  (3 .2  - 0.9- e 0 . 4  ) 
5. 2 = e ::(2.4) 

= 180:::(2.4) = 440 watt hours  pe r  pound 

To obtain the indicated advantage of this increased figure of mer i t ,  it is 
requi red  to maintain an alkaline anolyte and an acid catholyte to  suppress  
the evolution of hydrogen and oxygen and consequent corrosion of the electrodes.  
This is  theoretically possible by the use  of ion-exchange membranes 
two membranes  would be required to re ta in  hydroxyl ion concentration in the 
vicinity of the anode and hydrogen ions a t  the cathode. 

Generally, 

F igure  V-13, page v -34 ,  shows a diagram of such a cell ,  which upon inspection, 
r e sembles  a desalination cell in reverse .  Table V - 2  , page V - 3 5 ,  l i s t s  the 
s t ruc tu res  of a number of such cells and the resul ts  obtained. Hybrid solvent celi 
voltages in the order  of 3 . 6  volts were actually obtained 
membranes  used failed a f te r  varying periods of t ime,  presumably due to acid 
oxidation . 

However, the cathode 

In the la t te r  portion of the program, additional membranes  were  tested and, 
though it would appear that suitable membranes  have been located, practical  
demonstration cel ls  a r e  yet to be built. 



v-34 

@ 
Y 

+ + + +  
+ + +  

+ 

0 
c) 

I 

I ' I  

\ 

c 
0 n 
k 
(d 
V 

+ 
+ + +  

+ +  
+ +  

I 

I I 

I 

I 

\ 

4) 
c 
M 

i 

I 
I 
1 
1 
1 

1 
I 



z z 
4 
d 

B 
9 
8 z 
4 
X u 
X 
W 
z 
0 
u z 
N 
4 

5 

J w u 
F 
0 
J 
pc 

W 

H 

w 

i: 

?I 

W 

u 
\ 

6 
i 
X 

* * 

m N  
0 0  * *  
9 9  a 4  
3 3  

4, 

s 
\ s. 

a 

0 c 
ln 
N 
k 
Q) 
Y 
W 
cd 

2 

-;a 
.r( 
Y 

5 u 
0 a 
0 

m 

rw 

m 

2 
VI 

N 

P 
1 u 
6 

i5 u 

z 

2 

2 
- 

5 

N 
0 
9 
9 

I 
2 
G 

c 

4 

. .  
I 

s 
ti 
\ 

0 
4 

v-35 

E 
0 

m 
5 
6 
Q 
a 
? 



V-36 

LITERATURE STUDIES 

An example of the l i t e ra ture  study conducted as p a r t  of the project  deliberation 
is given on page V-37.  
control index provided in the monthly and quarter ly  repor t s .  
number 2006 represents  a brief summary  of a par t icular  source.  
i s  a copy of the file card  generated in  that work for  access  by project  m e m b e r s  
Minor surveys upon miscellaneous subjects were  also conducted and reported.  
The following has not been presented in previous repor t s  and se rves  as an 
example of the miscellaneous studies.  

This is a page taken f rom the cumulative abs t rac t  
Abstract  control 

Page  V-38 

A patent s ea rch  upon recent  developments in electrolytic capaci tors  was 
available through the courtesy of the parent  company. 
a technology distinctly related to the battery a r t ,  the mater ia l  was studied 
pr imar i ly  f rom the viewpoint of possible electrolyte combinations. A brief 
outline summary has  been prepared  and is presented on the following pages.  

Since this represents  
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7 , 4 1 2 , 1 i 3 z ,  I 
8 7 6 5 4 3 2  

Electrochemical Battery Research  2006 

Investigation of electrochemical cell  systems in  fused electrolytes  of: 
Mg/ LiCl-KCl-kaolin/V205 -Ni 
Mg / LiC1-KC1-kaolin/ V205-B203-Ni 
Mg / Li C1 -K C1 -kaolin/ Li C1 -K C1- V 205 / Ni 
Mg / Li C1-K C1-kaolin/ LiC1-K C1- CuO/ Ni 

None of these cells displayed exceptional lifetime a t  high cu r ren t  density. 
Ohmic polarization and concentration polarization were  probably a function 
of the low ohmic conductivity of the V2O5 cathode coating and the reduced 
amount of V2O5 available in the V205-B203 g lass  coating and lack of V2O5 
in the catholyte respectively. 

CuO does not appear to be a ve ry  promising cathode mater ia l .  
10% Li-Pb alloy anodes were  used in  these experiments.  
gives an emf. only 0. 2 volts l e s s  than that with calcium. 

Ca, Mg, and 
Li (10%)-PB(90~0)  

W. S. Harr i s ,  R. E. Panzer ,  & W .  C. Spindler, U. S. Naval Ordnance 
Laboratory,  Corona, California, Tech. Memo 44-8, December 1960. 

I 
Card 2 1 

I 

I I." 

V205-B203 and V205 glassodes o r  glass  cathodes electrochemical efficiency El-. 
- -  m 

was determined at 300 degrees  C and 450 degrees  C. 
- 

FI D Liquid and vapor vNH3 activated cel ls  were  studied a t  -34 degrees  C with 
15, 20, 25 mole 7'0 NH4SCN. 

I" 

Li/NH4SCN-NH3/meta dinitrobenzene : Carbon 
Trinitrobenzene was used as a cathode mater ia l  i n  "3. 
that it gives a higher potential than m-DNB and behaves in a s imi l a r  

Results indicated 

manner.  

A mathematical  paper on the distribution of reaction in porous electrodes.  

U 
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SELECTED PATENTS O N  CAPACITORS 

2, 877, 391 NH3 l . ,  methylamine, ethylamine 

3, 052, 829 "Minimization of H2 production" by use of selected cations in 

the electrolyte.  
T;qaier ,  organic so!\-er,ta, h T  h T  d4-nth.71 = ~ a t ; i m ; A o  

I!) A ! -  L I I I b L I I y L L C L b C  * L L * U b  

2, 923, 867 Many solutes and solvents a r e  l isted.  Solvents: polyhydroxy 

alcohols such as ethylene glycol; lower alkyl phosphates such 

a s  triethylphosphateg mono and di lower alkyl substituted amides 

such as dimethylformamide; halogenated hydrocarbons such as 

1 2-dichloroethane; partially fluorinated hydrocarbons; nitro 

alkanes such a s  nitromethane; and unsubstituted ni t r i les  such 

as malono ni t r i le .  

2, 932, 153 Solvents: ethylene glycol, propylene glycol, diethyleneglycol. 

2, 965, 690 Solvents: propylene carbonate, gamma-valerolactone, butyro- 

lactone, ethylene glycol. 

Salts: benzyl tr iethyl ammonium chloride, phenyl dimethyl 

allyl ammonium iodide a 

2, 965, 816 Solvents: dimethylformamide plus other amides.  

Salts: l isted.  

Tested at - 7 0 ° C .  

2, 977, 514 gel electrolyte: 

Set gel with "3. 

LiCl i polyvinyl alcohol t boric acid. 

3, 065, 389 Solvents: propylene carbonate: b i s ( 2  -methoxyethyl)carbonate 

($145/pound). pour point = -6O.C. 

bis( 2-chloroethy1)carbonate ($8/  100 g r a m s ) ,  pour point = 

-60°C. boiling point = 218'C. ; 10% ethylene carbonate t 

90% propylene carbonate f r eezes  a t  -55" C. 

boiling point = 225°C.;  



3,  082, 360 

3,098,182 

3, 120,695 

2, 934,681 

2,934,682 
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SELECTED PATENTS ON CAPACITORS Continued 

Solvents: ethylene glycol with ammonium pentaborate t HZO 

HzS04, 30% 

Aqueous PtC14 t PbAc 

Operable to -60°C. 

Electrolyte: 

one heterocyclic compound having a nitrogen heterocyclic atom. 

See columns 3 and 4. 

at leas t  one aliphatic acid o r  anhydride and a t  l ea s t  

Electrolyte: 

and at l ea s t  one heterocyclic compound having a nitrogen heterocyclic 

atom. 

Range: (-)6O"C. to (t)15OoC. 

at l ea s t  one aliphatic acid o r  anhydride o r  arylhalide 

Range: ( -)60° C. to (+)200" C. 

Many electrolytes a r e  l isted,  among them: Solvents: t e r t i a ry  

phosphate e s t e r s ;  tr ialkyl phosphites; neutral  e s t e r s  of phosphonic 

acids; neutral  e s t e r s  of phosphinos acids;  aklyl e s t e r s  of sulfinic, 

sulfonic, sulfuric, and vanadic acids .  Salts: ammonium acetate,  

arsenate ,  nitrate,  oxalate, and reaction products of Lis t  A with 

Lis t  B (column 4). Electrolytes: column 5. 

Range: 125" C. to ( -)60° C. 

Electrolytes: 

of P-containing acids in  non-aqueous solvents such as butanol, 

propylene glycol, diethylene glycol, triethylene glycol, 1,4- 

butane diol, ethylene glycol, and dimethylformamide. 

Salts: examples - tris-(triethylammonium)-tri-methyl-tetraphosphate, 
bi s - ( t r ie  thylammonium) -monoe thy1 - orthophosphate, t ri - e thylammonium 

die thylo rthopho sphate, t r i  - e thylammonium benz enephosphonate , 
hexanolammonium benz enepho sphinate , tri - n- butylammonium 

di-n-octyl monoacid pyrophosphate. 

comprising alkyl ammonium salts of alkyl e s t e r s  

1 
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2, 801, 221  

2, 830, 237 

2, 872,629 

2, 890, 394 

2, 941,946 

V-41 
SELECTED PATENTS ON CAPACITORS Continued 

To improve low-temperature charac te r i s t ics  by adding cer ta in  

f r e e  radicals  to electrolyte ( tempera ture  not specified). 

Example - stable f ree  radicals:  t r iarylmethyls ,  penta phenyl 

ethyl; aroxy radicals,  t r i a ry l  hydrazylsi diary1 nitrogen oxides; 

nitrogen oxides; arylthiols; unstable f r e e  radicals  (produced by 

oxidation o r  reduction): s ee  column 2 .  

Solvents: dimethylformamide, triethylene glycol, butyronitrile. 

Temperature  range: +150" C. to ( -)60° C. 

Solvents: lower alkyl phosphates (as tri-n-butyl phosphate). 

Salts: 

amine such as tri-n-butyl ammonium picra te .  

sal t  of a polynitro substituted phenol and a lower alkyl 

Employ eutectic mixture of at l ea s t  two lower alkyl amine sa l t s  

in  an organic plasticizer.  

Solvents not r e qui r e d . 
Many sal ts  with melting points and p las t ic izers  with boiling 

points l is ted.  

Range: f rom eutectic point to about 250°C. 

Ethylene glycol added to reduce operating temperature  to -55" C. 

Water soluble ammonium salt and soluble si l icate added to prevent  

hydration of the 4 0 3  film on the aluminum electrodes o r  other 

aluminum pa r t s .  

Examples: ammonium borate,  sodium meta  si l icate.  

I 'Remarkable improvement in. I . capacitance stability. 

See column 5, l ines  5 to 19. 

"Method of Making a n  Electrolyte" 

Claim 2: 

ethylene glycol then trifluoroacetic acid + ethanol- ammonium 

t r i f l u r m c e t a t e  in ethylene glycol. ' I  

to 2.  570 water .  

Gives good, reproducible proper t ies .  

"A process . .  . in which ethanol amine is mixed with 

Adjust pH-8-9; add 0.  25 
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SELECTED PATENTS ON CAPACITORS Continued 

2, 944, 026 "Electrolytes" 

Mixtures of adducts and solvent combinations m a y  be used to  

extend operational range of capaci tors  e 

Solutes: 

compounds. 

Solvents: polyalchols, amides,  ni t r i les .  

See l i s t s  in patent. 

compounds of strong electron affinity and nucleophilic 

2, 945, 164 "Electrolyte and Capacitor Utilizing the Same. 

Solvents: 

t 1 3 0 " C .  See l i s t .  

Mixed solvents and co- solvents indicated. 

Solutes: inorganic compounds9 sa l t s  of organic acids,  organic 

salts of strongly ionizing organic acids.  

See l i s t s .  

unsubstituted simple n i t r i les  - liquid f rom -60 " C. to 

2, 965, 187 "Electrolytes for .  . . Capacitors,  I '  

Temperature range: -50°C .  to 200°C. 

Solvent: substituted amides of organic acids,  other than formic .  

Solutes: substituted ammonium pentaborates,  boric  acid, and 

salts of boric  acid. 

See  examples.  

3, 003, 089 "Non-Aqueous Electrolyte.  ' I  

"Extremely Wide Temperature  Range. 

Solute: phenol amines (phenol may be replaced by halogen- 

substituted phenols o r  lower alkyl substituted phenols). 

of useful amines given. 

Solvents: Alkanols, alkyl phosphates, polyhydroxy1 alcohols, 

ethylene glycol. 

See examples . 

Lis t  
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STATISTICAL ANALYSIS OF PRIMARY BATTERY PERFORMANCE 

Introduction 

I t  i s  interest ing to note that performance data of the conventional aqueous 
bat tery solutions follows a normal  probability density function. 
mathematical  function is  generally referred to as the bell shaped curve.  

This 

1 
f (x) =- 

JZ2 
(x-u)2 

exp-- 2 2 c  

where: x = random variable 

c2= variance 
u = overall  mean 

This phenomenon enables probability es t imates  to be made  regarding the 
generation of 200 watt hours  per  pound capability using conventional 
aqueous bat tery systems.  

Background 

Table I presents  the his tor ical  data on pr imary  bat tery sys tems collected to 
date.  
for  Energy Conversion", Sumner,  Levine; Dover Publications, 1961 , page 
361. 

The data was extracted f r o m  !!Selected Pape r s  on New Techniques 

TABLE I 

CONVENTIONAL AQUEOUS BATTERY PERFORMANCE 

Rank 

1 

2 

3 

Chemic a1 Watt Minutes 
Type Bat tery Notation P e r  Gram Of Cell 

Alkaline Zinc -Mangane se Alk z ~ / M ~ o ~  2 . 6  
Dioxide (Crown) 

Leclanche Zn/Mn02 4 . 0  

Mg/Mn02 Magne sium-Mangane se 
Dioxide 

5 .8  



Chemical 
Rank Type Bat tery Notation 

4 

5 

Ma gne sium - Bi smu th 
Trioxide 

Zinc -Mercuric Oxide ZnIHgO 

6 Magnesium-Organic MgIOrg 

Analvsis of Rank-Order Correlation 

v - 4 4  

W a t t  Minutes 
P e r  Gram Of Cell 

6 . 2  

7 .0  

8 . 5  

Normal-probability paper enables the average and the variance to be calcu- 
lated graphically. 
to Statist ical  Analysis, pages 55-57, second edition (1957), Dixon & Massey,  
McGraw-Hill) that if one plots the cumulative distribution and observes  a 
s t ra ight  line fit, then a normal  distribution can be assumed. This proven 
assumption generates valid probability s ta tements .  

It has  been shown by many (a good reference i s  Introduction 

Figure 1 presents  the data shown below. 

Rank Cumulative Probabili ty 
Watt Minutes 

P e r  G r a m  

2 . 6  

4 . 0  

5 . 8  

6 . 2  

7 . 0  

8 . 5  

TvDe of Cell L 

d - Estimation of the Probabi l i -1  of 200 watt  hours  pe r  pou 

Figure 1 allows estimation of the mean o r  average value by reading the 
50% point which is approximately 5. 7 watt minutes per  gram.  
of the Standard Deviation could be made with the knowledge that 34% of the 

An est imate  
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a r e a  f r o m  the average equals one standard deviation. Thus, reading 
the ordinate on Figure 1 a t  84%,we get  8 . 4 .  
5. 7, the standard deviation i s  2. 7. . 

Subtracting the average 

The requirements  of 200 watt hour pe r  pound equates to 26.43 watt 
minute p e r  gram.  
ordinates away f rom the average [26.43 = 5. 7 t 7.68 (2.7)].  

This capability is calculated to be 7.68 probability 

Thus, f rom a Table of Probability Ordinate,we find that 7 .68 equates 
to a chance of less than one in 1, 000, 000, OOOior one in  one billion. 
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INDEX O F  SPECIFIC RESISTANCE, DECOMPOSITION 

Atmosphere Code: 

NOTE: 

0 = air; 1 = ammonia; 2 = sulfur dioxide, 3 3 carbon dioxide 

The first entry r e f e r s  to the atmosphere code number,  the second indicates 
the print-out page number.  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

SALTS 

SOLVENTS: 
Ace toni trfle 
Acetonitrile 
Ace tonit r i le 
Amberli te LA- 1 
Amberli te LA- 1 
50/50 LA-1 t Freon  1 1 3  
Amberli te LA- 2 
Benzene 
Butyrolac tone 
Butyr olac tone 
Butyrolactone 
Butyrolac tone 
Butyrolac tone 
Butyrolac tone 
Cyclohexanone 
Nt N-Dimethylformamide 
N, N-  Dimethylformamide 
N, N - Dim e th ylf o rmami de 
N, N- Dimethylformamide 
Dimethyl Sulfoxide 
2 - Ethanolpyridine 
Genesolv D 
Methanol 
N - Me t h yl -. 2 - P y r r 01 i don e 
N-Methyl- 2-Pyr  rolidone 
N-Methyl-2-Pyrrolidone 
N-Methyl- 2-Pyrrolidone 

a, 
c 
; 

1 -  9 
1-1 3 

1-16 

3 ~ :;: 

2 ::r 

3 -  22 
1-68 

1 e.40 
1-44 

1-66 
0-7 3 
3-. 34 
1-70 

m 

5 
2 

1 -  9 
1-10 
1-11 
1-16  

3 -  20 
3 - a. 

2 - .< 

3-22 

3-25 
3-26 
1-69 
1-74 
1-40 
0 -  43 
1 46 

2-27 
1 - 6 3  

3 -  35 
1 - 7 1  
3- -: 

c* 

2 

1 -  9 

1-16 

3 20 
3 , . a  

2 - ': 

3 -  22 

1 - 4 0  
0 -  43 
1-44 
1-45 
2 -  27 
1-63  

3-34 
3 -  

c) - 
6 
2 
VI 
1 

N 

1-11 
1 - 1 2  

1-  1 7  

3-20 
3 .. 

3-22 

1-41  
0 - 4 3  
1-46 

2 -  27 

3-35 
3 :': 

NOTE: F o r  copies of complete print  -out or  specific sys t ems>  addres s  Mr.. 

3 c: 
Z * -_ 
5 u 
Y 

1-14 

1 - 1 9  

2 - -: 

3-26 
1-69  

1 - s o  

2 29 
1 - 6 5  
1-66 

3 -  38 
0-71 

William A 

Robertson. MS 86 - 1 National Aeronautics Space Administratlon, Lewis 

Research Center, 21000 Brookpark Road Cleveland, Ohio 441 35 
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APPENDIX A A-2 

VOLTAGE MEASUREMENTS AND COMPUTATIONS 

*Specific res is tance too grea t  to produce a high value of "W. I t  

NOTE: All tes t s  were  s tar ted with air atmosphere, so "0" is shown only when no 
other atmosphere was applied. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

1-15 1- * 
1-15 

1-14 1- JI: 1-12 
1-13 

1- *< 1-18 1-18 1-17 1- * 
3-21 3-21 3-20 

3- *e 3- * 
2- $6 2- ::: 2- :k 2- *< 

3-24 3-24 3-24 3-23 3- 23 1-69 
1-69 3- 25 3-25 1-68 

3-26 3-26 

2- *< 

3-24 
3-25 

1-44 1-42 
. .. 1-50 

1-49 

1-74 
1-42 1-41 1-49 1-49 1-49 

I 

1-43 1-42 
1-48 1-47 

2- 30 2-28 2- 28 2- 27 2-28 2- 29 

1- >% 

3-39 3- 36 3-37 3-37 3-36 3-35 1-71 

1-65 1-64 1-64 
1-66 1-66 
0-73 0-73 

3-38 1-70 
0-71 
0 - ::< 
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INDEX O F  SPECIFIC RESISTANCE, DECOMPOSITION 

Atmosphere Code: 

NOTE: 

0 = a i r ;  1 = ammonia; 2 = sulfur dioxide; 3 = carbon dioxide. 

The first entry r e f e r s  to the atmosphere code number;  the second indicates 

28 
29 
30 
31  
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

the print-out page number.  

SALTS 

SOLVENTS: 
Petroleum Ether 
Petroleum Ether 
i so - P ropylamine 
i so -P r opylamine 
n - P  ropylamine 
Propylene Carbonate 
Propylene Carbonate 
Propylene Carbonate 
Propylene Carbonate 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Tetrahydrofuran 
Toluene 
Toluene 
Water 

: 
2 

1-73 
2-78 

1-68  
3 -51  
3-55 
1 -71  
2-76 
1-56  
1-59  
0 -62  
1-69 

1 -72  

m : 
2-79 

2-7 5 

3 -51  
1 -72  
2-77 

1-56 
0-62 

2- * 
1 -72  
2- * 
2- $c 

3-51 

2- ::: 

2-74  

2- 33 

1-68  
3-51  3-54  
3-55 3-55 

2-78 
2-76 
1-57 
1 - 6 1  
1 -62  
1-70  

1 -73  
2- $c 
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VOLTAGE MEASUREMENTS AND COMPUTATIONS 

"'Specific: res l s tance  too great  to produce a high value of "W.. " 

NOTE: All t es t s  were  s tar ted with air  a tmosphere.  s o  "0 "  I S  shown only when no 
other atmosphere was applied 

28 
29 
30 
31 
32 
3 3  
34 
35 
36 
37 
38 
39 
40 
41 
42 
43  
44 

2-33 

1 - 6 8  
3-52 
3- 55 
2-  77 

1-58 1-57 
0-61 
1 - 7 0  

1-72 
2-  :) 

2-74 1 - 7 3  
2-78 
2 ~ :. 

1 - 6 8  
2-76 3-52 3% 52 

1 - 7 1  
2-77 

2-78 
2-7 5 2 -33  

3-51 1 - 7 2  3-53 3= 53 
2-76 2-  7 8  

1 -56  
1-60 
1-61 
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INDEX O F  

AND COMPUTATIONS 
SPE CIFI c RESIS TAKE, DECOMPOSITION VOLTAGE MEASUREMENTS 

JcSpecific Resistivity too grea t  to produce a high value of "W. I '  

NOTE: All t e s t s  were s ta r ted  with an air atmosphere;  s o  "air" is shown only 
when no other a tmosphere was applied. 

SOLVENTS 
PRINT - OUT 

SALTS ATMOSPHERE PAGE NO. 

Acetone Li C1 Air 75 

Dimethyl Sulfoxide 
Dim e thyl Sulfoxide 
Dime thyl Sulfoxide 
Dimethyl Sulfoxide 
Dimethyl Sulfoxide 
Dimethyl Sulfoxide 

Gene s olv - D 
Genesolv-D 

Hexylene Glycol 
Hexylene Glycol 

( CH3) 3 N * H C1 
NHzOH.HC1 
Sn C1, 
CC13COONa 

NaCl 
CC13 COOK 

No Salt 
Li C1 

31 
30 
31 
32 
32 
29 

Air $C 

"3 66 

Ai r 
Ai r 

7 4  
7 4  

.I. N-Methyl-2-Pyrrolidone NHzOH.HC1 COZ +@ 

Propylene Carbonate 
Propylene Carbonate 

Pyridine 
Pyridine 

MgBrz 
Na C1 

( CH3)3N*HC1 "3 58 
c6 c1402 "3 58 
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APPENDIX B 

DETERMINATION OF EQUIVALENT WEIGHT 
VERSUS 

CELL POTENTIAL RELATIONSHIP 

In  o rde r  to apply the first law of thermodynamics to a wide range of anode 
and cathode combinations, a method was needed to expres s  the electrode 
equivalent weight, M, a s  a function of the electrode potential. This was 
accomplished by first plotting the log of the equivalent weight of var ious 
anode mater ia l s  against  their  corresponding aqueous oxidation potentials 
and the log of the equivalent weights of var ious cathode mater ia l s  against  
their  corresponding aqueous reduction potentials. 
page B-2)  

(See Figure B-1 on 

The known generalization that "high potential with low possible equivalent 
weight and low potential with large equivalent weight" may  be approximated 
by the lower two dashed l ines .  
tion of the two lower l ines  and the modification of the absc issa .  As  a conse- 
quence the anode and cathode a r e  res t r ic ted to equal s t r e s s .  The upper 
ordinate scale  then represents  the logarithm of the combined equivalent 
weights of the electrode reactants .  
a r e  given equal s t r e s s  i n  the Energy Balance Equation. 

The top dashed line resul ted f rom the combina- 

Hence, the anode and the cathode potentials 

The combined electrode equivalent weights can  now be generalized as a function 
of cel l  voltage. The slope of the upper curve is 

Ln 250 - Ln 22 = -0.4 
6 

while the intercept  of the ordinate in Ln 250 = 5. 5. The standard equation 
fo r  a s t ra ight  line was used to express the combined equivalent weight (M) 
of the electrode reactants  as  a function of the cell voltage, (E). Hence: 

L n  M = 5. 5 -0 .4E  (1) 

M = e (5. 5 -0.4E) (2) 

The expression in equation (2)  is used in  the energy balance equation. 
B-1 and B-2 on pages B-3  and B-4 show the var ious anode and cathode re- 
actions fo r  the electrode mater ia ls  plotted. 

Tables 
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R - 2  
SEMI-LOG PLOT OF ELECTRODE EQUIVALEIS'l WEIGHT 

VERSUS 
AQUEOUS POTENTIAL 

c 
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TABLE B-1 

TABULATION OF 
STANDARD AQUEOUS OXIDATION POTENTIALS 

AND EQUIVALENT WEIGHTS 

P o  ten ti a1 Equivalent Weight 

Al = AIttt + 3; 

t+ 
Cd = Cd t 2; 

tt - co = co t 2e 

Cr = Cr ttf t 3; 

In = Inttt t 3; 

t -  
Li = Li t e 

+t - 
M g = M g  t 2e 

Mn = Mntt t 2; 

Pb  = Pbtt t 2; 

t 3; t++ 
sc = sc 

t 2; tt v = v  

t1.7 

t o .  4 

to. 3 

9.0 

56. r7 

29. 5 

t o .  7 17. 3 

t o .  3 

t 3 . 0  

$ 2 . 4  

T 1 . 2  

38. 3 

7 . 0  

1 2 . 2  

27. 5 

t o .  1 103.6 

t 2 . 1  

t o .  1 

15. 0 

59.4 

i - 1 . 2  25. 5 

-SO. 8 32.7 
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TABLE B-2 

TABULATION OF 

AND EQUIVALENT WEIGHTS* 
STANDARD AQUEOUS REDUCTION POTENTIALS 

Pot  en ti a1 Equivalent Weighr, 

- 
AgBr t = Ag t B r  

AgCl t ; = Ag + C1- 

Br2 t 2; = 2Br- 

Cl2 t 2; = 2c1- 

- 
CuBr t e = Cu t Br 

cuc12 t 2; = c u  t 2c1- 

CuF2 t 2; = Cu t 2F- 

F2 t 2; = 2F- 

Hg2C12 t 2; 

HgClz t 2; 

= 2Hg t 2C1- 

= Hg t 2C1- 

12 t 2; = 21- 

03 t 2Ht t 2; 

P b 0 2  t H 2 0  + 2; = PbO t 20H- 

= 0, t HLO 

t o .  1 

to .  2 

t1.1 

187.8  

143.4 

79.9 

t 1 . 4  35.5 

t o .  03 143. 5 

t o .  4 67. 2 

t o .  4 50. 8 

t 2 . 9  

t o .  3 

t o .  4 

to. 5 

t 2 . 1  

t o .  2 

19.0 

236.0 

135 .8  

126.9 

25.0 

128.1 

*W. M. Latimer,  The Oxidation States -- of the Elements -- and Their Potent ia ls  in - - 
Aqueous Solutions (1 959) 
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APPENDIX C 

MODlFTED TAFEL EQUATION 

P This appendix i l lustrates  one path whereby the Tafel equation' 

?%.? = a "E h log i (11 

may be modified to generalize the corrosion cur ren t  of ba t te r ies  which 
may be constructed using a wide variety of solvents. 
this equation (1)  normally a r e  restricted to one electrode and do not 
include the initial reaction standard potential nor the effects of concen- 
t ra t ions upon reaction potential: 

The t e r m s  of 

= overvoltage (volts)  

a I= the Tafel constant (volts)  

b = the Tafel slope (volts)  

Bat tery local action may be characterized by a single equation of the 
same fo rm when the t e r m s  a r e  conveniently chosen. 
may then be rear ranged  to yield a theoretical value for  battery local 
action cur ren t  density a s  an explicit functlon of battery potential in t e r m s  
of conveniently measured  parameters  of the solvent-atmosphere combination: 

This equation 

Starting with a generalized solvent autoionization reaction ( 3 )  applicable 
to mos t  solvents: 

t 
A B = A  + B -  

The voltages required to decompose the solvent AB by the physical model 
of F igure  V-7 on page V-15, using a neutral  solute of high decomposition 
potential, i s  given by equations (4)  and ( 5 ) 2 * 3 .  Equation (4)  t r ea t s  bat tery 
anode local action and (5)  battery cathode local action. 

r t  [A'] 

r t  [B-I 

E1 = E; -- In - N F  [AB] * ? I  

- Y2 
E, = E," +- In- 

N F  [AB] 

Subtracting E, f r o m  E, gives the cell potential4, E: 

E z E I - E ,  

64 1 

I5! 



E, = 

E, = 

E =  

J =  

r =  

t =  

F =  

[AB] = 

c =  

a ,  & a,= 

bl & b2 = 

c =  
D =  

e =  

c-2 

DEFINITION O F  TERMS 
L 

The potential of the anode in  a bat tery and consequently the 

driving force behind local action o r  decomposition of the solvent 

a t  this electrode. 

The potential of the cathode in a battery and the driving force  of 

cathode local action. 

E l  t E, o r  the cell  potential. 

The corrosion cur ren t  density to distinguish this f r o m  the previously 

assigned I, stoichiometric cur ren t .  (See page V-3.J 

The universal gas constant chosen to distinguish this f rom the previous 

R, cell res is tance.  (See page V-3.) 

Absolute temperature  chosen to distinguish this f rom the previously 

assigned T, discharge t ime.  (See page V-3.) 

Faraday 's  constant. 

1, the hypothetical one molar  standard s ta te .  

footnote 4, page C - 3 .  

The activity of the cationic autoionization product. 

The activity of the anionic autoionization constant. . 

Autoionization equilibrium constant. 

Overvoltage, (1) anodic, ( 2 )  cathodic, local action driving force-  

An example i s  cited in  

natural  log base.  
[At 1 [B - I 

Tafel constants in the original connotation - natural  log base.  

Tafel slopes in the original connotation - natural  log base.  

c t (a, t az), Modified Tafel constant. 

(b, t b,), Modified Tafel slope. 

Base of natural  logari thms.  
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Substituting the values for  El  and E, in (6)  gives: 
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Since the first th ree  t e r m s  a r e  constants they a r e  combined into the 
single contant, c: 

E = 71 + 1 2  
Expanding 'tl and 't2 by the Tafel equation and regrouping gives: 

Combining the constants of (9)  gives: 

E = C + D l n J  

Solving equation (10)  for J ,  the corrosion cur ren t  density, gives 
equation (2):  

The pa rame te r s  C and D may be conveniently evaluated i n  the majority 
of c a s e s  f r o m  a simple voltage (E) - curren t  density (J), o r  modified 
Tafel plot, as shown by the Figure C - 1  on page C-4. 

"Electrochemistry: '  Edmund C .  Potter,  Cleaver-Hume P r e s s  Ltd. , 
London, Page 128 (1956), 

2 
"Interpreting Liquid Ammonia Chemistry with Thermodynamics , ' I  

W i l l i a m  L. Jolly, J .  Chem. Ed. , - 33 ,  10, Page 513, (1956). 

3 
I'Standard Electrode Potential and Decomposition Voltage of Solutions 
in  Liquid Ammonia, I '  V.  Pleskov, Acta Phys Chim - 20, Page 583,  (1945). 

E. C. Pot te r ,  ibid. , Page 152. - 
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D- 1 

MANUAL TRACE CALCULATION O F  W 

SYSTEM N, N-DIMETHYL FORMAMIDE/AIR/ALUMINUM CHLORIDE (14102.01) 

(Slide Rule Computation) 

Eata  From input Punch Card - -- 

computer 
program 

digital 
values 

TFL6 TFL7 TFL8 TFL9 RS RFS PS 

302 25 1 189 144 3 27 247 76 

Calculation of Specific Resistance and Polar ized Resistance - - 
Note: This example was run under a different res i s tance  measuring network than 

P r o g r a m  #4. _. 

500-327 
) = 5.29 327 

) = lo*( 500-RS 
RS 

R K  = lo*( 

500-247) z 10. 24 500-RPS 
RPS 247 ) = lo*( RPK = lo*(  

Calculation of Corrosion Current  F r o m  I(6),  1(7), 1(8), and I(9) -- - - -- - 
(Follows statement #13 of P r o g r a m  #4) 

I(6) = TFLC6 = 2XC10'7XCTFL6 = 2*10'7*302 =. 6 . 0 4 ~ ~ 1 0 -  5 

I(8) = TFLC8 = 1:k10'6+cTFL8 7 1*10'6*189 = 1.89*10'4 



D-2 

Calculation of Interfacial Voltage 

(Statement #20 of P r o g r a m  #4) 

X6 = 10. - TFLC6:g(R t 100, 000.) = 10.  - 6 .  04::10’5(105, 290) = 3.64  

X7 = 10. - TFLC7::(R t 50, 000. ) = 10. - 1. 00::10-4(55, 290) = 4 .  47 

X8 = 10. - TFLC8::(R t 20, 000. ) = 10. - 1.  89>:10’4(25, 290) = 5. 22 

- 2. 88‘:10-4(15, 290) = 5. 60 X9 = 10. - TFLC9::(R t 10, 000 . )  = 1 0 .  

Calculation of D, The Tafel Slope -- -- 
(Statement #61 of P r o g r a m  #4) 

D = (X(9) t X(8) - X(7) - X(6)/Ln(TFLC9:kTFLC8/(TFLC7:::TFLC6) ) 

4 5 = (5 .  22  t 5.60  - 4.47 - 3. 64) /Ln (2.  8 8 : ~ 1 0 - ~ : ~ 1 .  89:::lO- / 1 .  00:::10-4::6. 04::lO’ ) 

= 2.71/ ln  (9 .07)  = 2.71/2.  20 = 1.  24 

Calculation of C, The Tafel Intercept ---- 
(Statement #67 of P r o g r a m  #4) 

C = .25::( (X9 + X8 t X7 t X6) - D:k(4. 36 t Ln (TFLC9::TFLC8:FTFLC7::TFLC6) ) ) 

= . 25:::(18. 93 - 1. 23::(4.63 t Ln 32. 9:k10’17) ) 

= - 25(18. 93 - 1. 23:1:(4. 63  + 3. 49 - 1782. 30) ) = 14. 3 

Calculation of the Maximum Figure of Meri t .  W 

(Follows Statement #72 of P r o g r a m  #4) 

x- c 
(-E) 

::(I. 0 - 0 . 9 E  :$e ) 
(0. 4:XX) 

W5. 0 = 49.6::X::e 

. 
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D-3 

Calculation of the Maximum Figure of Mer i t ,  W Continued -- - -- 

NOTE: Wq, and W5. < w g 0  
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APPENDIX E 

IDENTIFICATION O F  SALTS 

E-1  

Lot No. 

Phillips & Jacobs, Inc. - 
Prepa red  in  Livingston Laboratory - 
Fishe r  Scientific Co., Adsorption 80-200 mesh  731883 

F i she r  Scientific Co., certif ied anhydrous W-141 

F i she r  Scientific Co.,  anhydrous certified reagent 

Olin Mathieson Chemical Corp., Anhydrous Grade 

J .  T. Baker Chemical G o . ,  U. S. P o  20439 

F i she r  Scientific Co.,  Boric Acid, fused 732643 

F i she r  Scientific Co., certif ied lump 731956 

F i she r  Scientific Co., certif ied 733520 

Special product of Corson - 
Special product of Corson - 
Eas tman Organic Chemic a1 s>$ P r ac  tic a1 - 
Ea s tman Organic Chemic a1 s - 
E as ti11 an 0 r g ani c C’ne m i c ai s ;:: 

Eastman Organic Chemicals>: - 
Matheson, Coleman and Bell>$>$, Anhydrous 7822 

J. T. Baker Chemical Co.,  Analytical Reagent 28099 

723393 

0659088 

Baker & Adamson, Anhydrous Reagent W-340 

F i she r  Scientific Co., Certified Anhydrous W-183 

A. D. MacKay, Inc . ,  Anhydrous, C . P . ,  96-10070 - 
Fishe r  Scientific C o o ,  Certified Anhydrous 

Matheson, Coleman and  bell^^^^, Anhydrous Reagent CB- 351 

F i she r  Scientific C o o ,  Certified Anhydrous 

K.  & K. Laboratories,  I n c . ,  99 .  9870 46890 

Mallinckrodt Chem W o r k s ,  Analytical Reagent - 
K .  & K .  Laboratories,  Inc. 42156 

F i she r  Scientific C o .  , Certified Reagent 720110 

723401 

732232 

Cat. No. 

- 
- 

A- 540 

A-591 

A-575 

0 

- 
A-76 

C-116 

C-117 

- 
- 

P-603 

3592 

2434 

26 5 

CX-1835 

1780 

1637 

C-456 

C-472 

cx-2210 

1-116 

- 
1430 

- 
P 205 



Salts 

&K C2H302 

f K F * 2H2O 

KI 

KSCN 

Li C1 

Li C104 

Li C104. 3HzO 

Li F 

*LiI 

*Li202 

*LiB02.2H2 0 

MgB r2 -6 H2O 

Mg( Cl04)2 

Mg( c104)2 

*MnF3 

*Mg F 2  .XH,O 

MgSO4.7 H2O 

Mn02 

NaBr 

Na C1 

NaI 

NH2OH.H C1 

NiFz 

NiF,. 4H20 

Ni2O3 

NaB03*4H20 

*RbI 

E-2 

IDENTIFICATION O F  SALTS Continued 

Lot No. Cat. No. 

Matheson, Coleman and Bell:::":: 

J .  T. Baker Chemical Co., Analyzed Reagent 

J .  T. Baker Chemical Co., U. S. P. 

Fisher  Scientific Co., Certified Reagent, A. C. S. 

F isher  Scientific Co., Certified Reagent 

Foote Mineral Co.,  Anhydrous 

Foote Mineral Co. (dehydrated by Corson Lab) 

J .  r%. Baker Chemical Co. ,  Analyzed Reagent 

Mallinckrodt Chemical Works 

Foote Mineral Co. 

Foote Mineral Co. 

Matheson, Coleman and Bell Reagent:::: 

F isher  Scientific Co., Anhydrous Reagent 

A. H. Thomas Go., "Dehydrite" 

Harshaw Chemical Co. ,  Anhydrous 

Matheson, Coleman & Bell:::":: approx. 8570 MgF2 

J. T. Baker Chemical Co., Analyzed Reagent 

F isher  Scientific Co., Certified 

J .  T. Baker Chemical Co., Analyzed Reagent 

Merck & Co., Inc., Reagent, A. C. S. 

Merck & Co., Inc., U. S. P. 

Eastman Organic Chemicals:: 95 -9870 Practical 

Varlacoid Chemical Co. , Anhydrous 

General Chemical Div. $:% , Technical 

Fisher  Scientific Co.,  Certified 

Fisher  Scientific Co. ,  Certified 

F isher  Scientific Co.,  Purified 

CB 589 

25010 

25291 

730253 

724595 

- 
- 

23101 

G71R-1 

171-59 

0325 

3041442 

121462 
112563 

- 
3 

CB-874 

- 
733328 

25289 

60452 

61163 

- 

3210M 

V-208 

76 1542 

V249J 

701358 

PX-1330 

31 22 

3168 

P-317 

L- 121 

- 
- 

2380 

1056 

- 
- 

MX 30 

7-573 

- 
0 

MX-50 

2500 

M-108 

3588 

7407 

5080 

P 340 

20 24 

N-66 

s- 359 

R-318 
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Salt 

E - 3  

IDENTIFICATION O F  SALTS Continued 

S Merck & Co. , Inc. , U. S. P. Precipi ta ted 

SnC12.2H20 J. T. Baker Chemical Co. 

SnO, General Chemical Div. , Anhydrous:::!:! 

SnO, F i s h e r  Scientific Co. ,  Certified 

*Sn(S04)2 City Chemical Corporation, Purif ied 

v2°5 F i she r  Scientific Co. , Certified Anhydrous 

Lot No. Cat. No. 

50108 6449 

22280 3980 

V-255 2332 

- T-148 

VA679 - 

733214 v - 7  

$Eastman Organic Chemicals, Dept. , Distillation Products  Industries,  
Division of Eastman Kodak Company 

:!:!Division of The Matheson Co. , Inc. 

:::*:!Division of Allied Chemical Co. 

*Experiments have been planned with these mater ia l s ,  but have not yet 
been c a r r i e d  out. 

x Solvent drying agent. 
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